Nonlinear Optical Frequency Conversion
to & from the Mid-Infrared in
Ti:PPLN Waveguides for Spectroscopy and
Free-Space Optical Communication

Thesis

Dem Department Physik,
Fakultat der Naturwissenschaften
der Universitat Paderborn vorgelegte
Dissertation

von

Kai-Daniel Frank Buchter

zur Erlangung des akademischen Grades eines
Doktors der Naturwissenschaften (Dr. rer. nat.)

Erstgutachter: Professor Dr. W. Sohler
Zweitgutachter: Professor Dr. C. Meier
Tag der Einreichung: January 17th, 2011

Tag der miindlichen Priifung: February 25th, 2011












Contents

introduction 1
[1._Strip Waveguides for Nonlinear Frequency Conversion 7
L1 '

heoretica catment of Periodically Poled Waveguides . . . . . . . .. 8
VNaveguide and Non-linear Optical Polarization Theory . . . . . . 8

(1.1.2. Coupled Mode Theoryi . . . . .. .. ... ... .. ........ 11

‘ Quasi Phase-Matching . . . . . . . . . . .. ... ... ... .. 15
[.2. Waveguide Sample Fabrication . . . . . « . o oo 16
X .. 17

18

19

E 1. Theoretical Modelling . . . . . . . . . . . . 22

Experimental Setup . . . . . . . . 24

MM ....... e 40

3.2.1. Experimental Setun: .......................... 47

Bmﬁmmmmmmmmam ..... B 49

4. Absorption Spectroscopy using Frequency Conversion 63

l4.1. Basics of Trace Gas Spectroscopyl . . . -« o oo i 64




4.2, Abhsorption Spectroscopy using DEG-MIR. Sourcd

............. 66

4 Absorption Spectroscopv using DEG-MIR, Source and -UCDH. . ... 68

: v Modulation Spectroscopy using DFG Source and SEFG-UCD . 70
4.5, SUIIMAIV . . .« v v o e 70
5. Free-space Optical Transmission in the MIR using Wavelength Conversion 75
5.1. Atmospheric Transmission Impairments . . . . . . . . . . . . . ... ... 77

i




List of Figures

E 11 Two—dlmensmnal DEG power plot) . . .. ... 33
2.12. DF'G phase-matching temperature dependem‘e] .............. 34

- i _voltaic detectors| . . . . . . 43

4. Calculated UCD conversion efficiencies. including losses] . . . .. . . .. 47
3.5. Experimental setup for UCD characterization) . . . . . . . . . . . . . .. 48

3.6. SFG up-conversion detector qchem ..................... 49
3.7. Femto OEC—?DD_INLW&L&STPI‘NTI(‘%] ................. 50
3.8. SFG up- Ommmmmammmzamm_sghm] ............ 51

3.9. Up-conversion detector pump reflection mirror characteristics! . . . . . . 52

[3.10 »_up-conversion detector power characteristics) . . . . . . . . ... .. 52
3.11 DII‘P(‘T comparison of MCT and SEG-UCDJ . . . . ... .. ... .. ... 53
[3.12. Spectrum of SFG up-conversion detector outputJ .............. o4

il



v

é 15. DEG up-conversion ggggggg; pOwWer g};_]g;gggggggi_:sj ............. 57
Mg&m_l—n_ﬂf‘ G up-conversion detector) . . . . . ... ... L. 98
..... 59

‘ Absorption spectroscopy setup using conventional detection) . . . . . . . 65
/ Absorption measurement using DEFG-MIR. source and a M detector! . 66
4 Normalized absorption measurement using DFG sourcel . . . . . . . . .. 67
4.4, Absorption spectroscopy using | -UCD) ..o 68
[4.5. Photo of DFG-SFG absorption qetur) .................... 69
4.6. Methane absorption measurement using DFG and - 69
4.7. FM spectroscopy using SEG- D) 71
4.8 equency modulation spectrum of methanel . . . . . . . ... ... . 71
5.1. Tllustration of free-space optical links) . . . . . . .. ... ... ... ... 75
Wavelength dependence of atmospheric attenuation) . . . . . . . . . . .. 78

: ee-space transmission using frequency conversion) . . . . . . . .. . .. 79
5.4, Power characteristics of the FSO transmitter module) . . . . . . . . . .. 80
DEG power characterization setup for FSO transmission modules! . . . . &1

G O_transmission experiment using nonlinear wavelength conversion) . . 82

: Pump-reflection mirror of the receiver sample . . . . . . . . .. ... .. 82
5.8. _Photo of Transmitter module) . . . . . . . . .. . ... ... ... ..., 83
5.9. Transmitter and Receiver tlmingﬁﬁh_ax_a&ﬁmmj_cﬂ .............. 84
[5.10. Transmitter power characteristics) . . . . . . . . . . . . . . .. ... ... 85
5.11. FSO-transmission line characteristics) . . . . . . . .. ... ... ... . . 86
5.12. Losses in the FSO transmission line] . . . . ... ... ... ... . ... 86
[5.13. FSO data transmission setupl . L 88
[5.14. BER. impairment with wavelength converters] . . . ... ... ... ... 89
5.15. Free-space transmission line through a wind tunnell . . . . . .. . .. .. 90
IA.1. Waveguide group layout) . . . . . . . .. ... ... ... .. 97
A.2. Nonlinear efficiency (DFG) as function of strip width and thickness) . . . 98
A.3. Mask layout with six poling groups| . . . . . . . ... 99

Molecular and Aerosol scattering and absorption coefficients) . . . . . . . 108
Atmospheric transmission considering absorption losses) . . . . . . . . . . 109
Hich resolution atmospheri ansmission spectral . . ... ... . L. L. 111
Atmospheri ansmission considering scattering and absorption losses! . 112

E.5. Scintillation index for weak, moderate, and strong turbulence conditions @114



List of Tables







List of Abbreviations

AC ...l Alternating Current

AFW ... ... Australian Fibre Works

APD ........... Avalanche Photo Diode

AR ... Anti Reflection

ARC ........... Anti Reflection Coating

BER ........... Bit Error Rate

BERT .......... Bit Error Rate Tester

bg ... Background

BLIP ........... Background Limited Performance
BPF ........... Band Pass Filter

C-band (optical) Wavelength range from 1530-1565 nm; corresponding to EDFA am-
plification range

CME ........... Coupled Mode Equations

CW v Continuous Wave

DC ............. Direct Current

DF ......... ... Difference Frequency

DFG ........... Difference Frequency Generation

DPSS .......... Diode Pumped Solid State (- laser)

E-beam ........ Electron-beam

ECL ........... External Cavity Laser

EDFA .......... Erbium Doped Fiber Amplifier

EDTA .......... Ethylenediaminetetraacetic acid

FBG ........... Fiber Bragg Grating

FC ..., Fiber coupling (also: flat polish connector in fiber optics)

FEM ........... Finite Element Method

FSO ............ Free-Space Optical

FTIR .......... Fourier Transform Infrared

GEISA ......... Gestion et Etude des Informations Spectroscopiques Atmosphériques
(Management and Study of Spectroscopic Information) (spectroscopic
database)

HD ............. Hybrid Detector

HITRAN ....... HIgh-resolution TRANsmission molecular absorption database (spec-
troscopic database)

HWP .......... Half Wave Plate

ICAO .......... International Civil Aviation Organization

IEEE ........... Institute of Electrical and Electronics Engineers

IR .............. Infrared

vil



ISO ............ (optical) Isolator

ITU ... International Telecommunications Organization

LAN ........... Local Area Network

LASER ........ Light Amplification by Stimulated Emission of Radiation

LD ............. Laser Diode

| D\ LiNbOj3 / Lithium Niobate

LPF ............ Low-pass Filter

MCT ........... Mercury Cadmium Telluride (HgCdTe)

MIR ............ Mid-Infrared

Mod. ........... Modulation

NIR ............ Near-Infrared

NRZ ........... Non-Return to Zero

OAP ........... Off-axis Paraboloid mirror

OCT ........... Optical Coherence Tomography

OPO ........... Optical Parametric Oscillation / Oscillator

OSA ........... Optical Spectrum Analyzer

PBS ............ Polarization Beam Splitter

PbXXXz ....... Waveguide numbering format (Paderborn, Sample Number, z for Z-
cut)

PM ............ Polarization Maintaining (fiber)

PPLN .......... Periodically Poled Lithium Niobate

QCL ........... Quantum Cascade Laser

QKD ........... Quantum Key Distribution

QPM ........... Quasi Phase Matching

QPSK .......... Quadrature Phase-Shift Keying

QTE ........... Quasi Transversal Electric

QTM ........... Quasi Transversal Magnetic

QW ... Quantum Well

QWP ... ... Quarter Wave Plate

RT ............. Room Temperature

RX ... .. Receiver

SE ... Sum Frequency

SEFG ............ Sum Frequency Generation

SH ............. Second Harmonic

SHG ........... Second Harmonic Generation

Sig. ... Signal

SPECTRA ..... Spectroscopy of Atmospheric Gases (spectral calculation software)

TE ............. Transversal Electric

™ ............ Transversal Magnetic

X oo Transmitter

ucC ............. Up-Converter

UCD ........... Up-Conversion Detector

Uv ..o Ultra Violet

VMR ........... Volume Mixing Ratio

viii



Wavelength Division Multiplexing
Waveguide
Wireless Local Area Network

X






Introduction

The current year 2010 marks the 50th anniversary of the LASER (Light Amplification
by Stimulated Emission of Radiation), which was first demonstrated in an experiment
by Maiman in 1960 [2], following the proposal by Schawlow and Townes to realize an
Infrared MASER [3]. Since then, the laser has proven to be an invaluable asset to
our daily lives. Lasers provide the backbone to numerous industries: they play major
roles in telecommunications, in fabrication processes, in optical storage, in aerosol and
gas detection; e.g. for combustion diagnostics and trace gas monitoring, in medical
applications; e.g. surgical lasers and optical coherence tomography (OCT), etc. Lasers
generate coherent radiation with narrow spectral linewidths and high spectral intensities,
permitting access to hitherto unavailable physical phenomena.

The invention of the laser also enabled optical frequency conversion, which was first
demonstrated by Bloembergen et al. [4] using nonlinear optical crystals. The potential
of nonlinear optical frequency conversion using lasers is quite extraordinary, due to the
fact that this technique allows us to access wavelength ranges which are impractical
to reach using, for example, diode lasers. Moreover, it was proposed early on to use
frequency conversion for low-light detection of infrared radiation [5], using visible light
detectors.

To put it more generally, frequency (or wavelength) conversion enables us to use
radiation at an arbitrary wavelength for a specific purpose, while the instrumentation
used may operate at a different wavelength. As an example, a frequency (or wavelength)
converter could act as an interfacing node between two optical communication networks,
one operating at a longer wavelength (e.g. for long-haul distribution using silica fibers),
and one operating at a shorter one (e.g. for fiber-to-the-home applications using polymer
optical fibers).

Due to the impressive prospects, nonlinear optical frequency conversion was exten-
sively studied throughout the last decades. The basic physical property enabling the
conversion is the dielectric polarization of a given material, which in principle allows the
mixing of arbitrary frequencies to generate new ones. The mixing itself is due to the
nonlinearity of the polarization field when high electric field strengths are present.

The most widely used nonlinear optical phenomenon is Second-Harmonic Generation
(SHG), where the frequency of a pump laser is doubled in a nonlinear optical crystal.
The attractiveness of this concept is illustrated if we consider that efficient diode-pumped
solid-state (DPSS) lasers are available in the near infrared, and doubling may lead to the
generation of green light. The laser radiation in this case is called fundamental wave,
and the generated green light is the second harmonic wave. While cheap diode lasers
producing red light emission are widely available, the human eye is more sensitive to the
green, so the concept of frequency-doubled infrared lasers can be found in green laser



pointers.

The concept can be taken further by adding an additional source of radiation with
a different wavelength. The radiation at the two wavelengths is usually designated as
pump and signal. If we consider first-order nonlinear interactions, the superposition of
both waves will generate additional frequency components at the sum and difference
frequencies, respectively. In this way, wavelengths may be converted almost arbitrarily,
given a nonlinear optical crystal which is transparent at the wavelengths involved. In
the photon-picture, the process may be illustrated by introducing virtual energy levels
(figure [0.1]). Based on the law of energy conservation, the incident pump and signal
photons can combine to generate a new photon, causing annihilation of the two incident
photons. Otherwise, the incident pump photon may also decay to generate two new
photons, with one having the exact wavelength of the incident signal photon. In the first
case we talk about Sum Frequency Generation (SFG), in the second case of Difference
Frequency Generation (DFG). Wavelength tuning can be done by tuning either the pump
or signal sources.

SFG DFG
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Figure 0.1.: Virtual energy level diagrams for Sum- (SFG) and Difference- Frequency
Generation (DFG). In the case of SFG, two incident photons (in the photon-
picture) combine to generate a new photon at the sum-frequency. In the case
of DFG, a pump-photon decays into two photons: one with the energy of the
incident signal photon; one with the energy difference of pump and signal.
The initial signal photon is preserved.

Due to dispersion, optical waves at different frequencies (or different wavelengths,
respectively), are subject to unequal refractive indices and thus unequal phase velocities.
As a consequence, the dielectric polarization oscillation at the newly generated frequency
must be phase-matched to a propagating wave at the same wavelength for an efficient
energy transfer to the newly generated wave. Nowadays, the most widely used approach
to achieve this is called quasi-phasematching (QPM) by periodic poling, which was
proposed by Bloembergen et al. [4] and demonstrated in lithium niobate (LiNbOj)
waveguides in the early 1990ies by Jundt and others [6].

From a technical point of view, there are two competing approaches in optics for
nonlinear devices: the more conventional approach is to use bulk optics, where laser
radiation in the form of Gaussian beams is shone through a crystal. In this case, the
nonlinear efficiency is governed by crystal length and beam parameters. The (arguably)



more sophisticated approach is to use waveguiding structures, where radiation is cou-
pled to an optical mode in a waveguide by means of a lens or a fiber, and guided wave
interactions are exploited. The tightly confined mode is free of divergence and can be
maintained over long interaction lengths. In the case of a waveguide, mode dispersion
needs to be considered in addition to material dispersion.

Within the scope of this work, nonlinear frequency conversion in optical waveguides
was exploited to generate mid-infrared radiation from near-infrared radiation, as well as
to re-generate near-infrared radiation from mid-infrared radiation. Here, we define as
near-infrared the wavelength-range starting from 750 nm at the edge of the visible spec-
trum, up to about 2.5 um, where the mid-infrared starts. More specifically, wavelengths
in the 1- to 1.5-um and 3- to 4-um wavelength ranges were used.

For the purpose of wavelength conversion, we developed modules exploiting wave-
length down- and up-conversion in Ti-indiffused waveguides in periodically poled lithium
niobate (Ti:PPLN). The motivation for this approach to access the mid-infrared wave-
length range is manifold: On the one hand, mid-infrared radiation sources are invaluable
tools for vibrational spectroscopy of trace gases. They are of interest in free-space opti-
cal communications for intermediate distances, and medical applications due to strong
water absorption [7]. However, mid-infrared lasers with certain properties like nar-
row linewidth and wavelength tunability have in the past been unavailable for certain
wavelength ranges. An overview of current existing MIR lasers is shown in figure
(color center lasers are omitted) - only lead-salt lasers as well as quantum cascade lasers
have reached commercial status and seem widely applicable; however both have cer-
tain restrictions (lead-salt lasers exhibit, for example, strong mode-hopping behavior
[8]. QCL’s, on the other hand, offer only limited wavelength coverage and can have high
thresholds [9]). Solid state lasers are also available, however only at fixed wavelengths.
In consequence, Difference Frequency Generation (DFG) and Optical Parametric Oscil-
lation (OPO) in nonlinear optical crystals have been a popular means to realize narrow
linewidth, wavelength-tunable mid-infrared lasers [10, [111, [12].

Also, while considerable research was done concerned with the fabrication of high-
quality mid-infrared detectors, they suffer from intrinsic shortcomings, in part due to
the fact that they are sensitive to thermal radiation. On the other hand, near-infrared
diode lasers, photo detectors, as well as fiber-optic components operating in the near-
infrared exhibit excellent properties, due to the economic driving force of the optical
communications industry. Combining both, nonlinear wavelength conversion and well-
developed near-infrared detectors, can thus be an interesting alternative. In addition,
diverse NIR components, e.g. for data encoding and decoding, can be combined with
such an up-conversion detector and circumvent some of the difficulties in mid-infrared
applications, for example by allowing increased modulation bandwidths of a signal.

In essence, two devices were developed for frequency conversion to and from the mid-
infrared within the framework of this thesis:

e Firstly, a fiber-coupled MIR~generator (Transmitter) using wavelength conversion
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Figure 0.2.: Overview of MIR lasers, compiled from [10, 9]. Mainly lead-salt lasers and
QCL’s are compact, robust, tunable, as well as commercially available. QW:
Quantum Well

from the NIR to the MIR was built. It is shown that high conversion efficiencies
can be attained and that amplitude as well as phase information of the NIR waves
are preserved during the wavelength conversion.

e Secondly, a hybrid up-conversion detector (Receiver) is demonstrated, which con-
verts MIR radiation to the NIR. The advantage of such a detector lies in a potential
increase in sensitivity compared to a conventional MIR detector, due to superior
properties of NIR detectors. Also, as phase information is preserved, it may be
used together with phase-sensitive instrumentation, e.g. QPSK (Quadrature Phase
Shift Keying) systems.

The MIR-generator and up-conversion detector used in this work are essentially iden-
tical in construction, therefore in principle, functionality can be exchanged. The wave-
length converters employ Ti-indiffused waveguides in LiNbOj for two reasons: firstly,
optical waveguides allow for a long interaction length and well-confined field distribu-
tions, which is both crucial for an efficient wavelength conversion. Secondly, waveguides
are compatible to optical fibers, in the sense that radiation may be coupled directly be-
tween optical fibers and waveguides (given suitable wavelengths). In that way, efficient
and compact packaged modules, which can easily be interfaced with standard fiber optic
devices, are demonstrated. External efficiencies in excess of 10 %/Watt achieved and
output powers above 10 milliwatts were achieved.

It is shown that the hybrid detector can be designed to be more sensitive than a
Mercury Cadmium Telluride (HgCdTe or MCT) detector optimized for 3.4-um wave-
length, if an EDFA (erbium doped fiber amplifier) is used to boost the pump, together
with adequate pump filtering. In part, the superior performance is achieved due to



the highly wavelength-selective up-conversion. In addition, it is shown that the hybrid
detector can convert sufficient power even without pump amplification, e.g. for spec-
troscopic applications using conventional fiber-optics and wavelength conversion. Using
both, transmitter and receiver modules, a transmission line is demonstrated with ex-
ternal (i.e., not waveguide internal) pump/signal powers in the low milliwatt-range, to
demonstrate MIR spectroscopy using NIR components only.

A large part of the results presented here stems from a collaboration with the Univer-
sity of Stanford, CA, which supported the University of Paderborn as a subcontract of
CeLight, Inc. Within that framework, an NIR-MIR-NIR transmission line (figure [0.3))
was used to transmit a QPSK modulated signal over a free-space MIR link. Nonlin-
ear down- and up-conversion was used to convert a phase-coded signal from 1550 nm
to 3.8 um and back to 1550 nm. The project succeeded in showing that free-space
transmission at 3.8 pm is less susceptible to certain atmospheric mitigation effects than
1550 nm radiation. Especially Carsten Langrock, Ph.D. (University of Stanford, CA) has
contributed to the successful outcome of this project. References to associated works,
conducted together with Ezra Ip, Ph.D. (University of Stanford, CA), as well as project
associates of CeLight, Inc. and The Boeing Company, are given in the appropriate
chapters.

Free-Space
Transmission Line
in the MIR

Transmitter Receiver

Wavelength > Wavelength

@ )
converter ‘(/\/\)’ converter

\. J \. J

Figure 0.3.: Free-space optical transmission line in the mid-IR using frequency conver-
sion. The mid-IR wavelength may be chosen nearly arbitrarily, using ap-
propriate wavelength converters, to mitigate atmospheric transmission im-
pairments. A similar arrangement can be used e.g. for optical absorption
measurements in the mid-IR.

Some of the research within the scope of this dissertation is built on previous work,
conducted during my time as a M.Sc. candidate [I3], which was concerned purely with
the application of Ti:PPLN waveguides for mid-infrared generation for spectroscopy on
methane (CHy). Also, the work conducted within the scope of the B.Sc.-thesis by Marie-
Christin Wiegand, née Fischer, has led to some results presented in this dissertation [14].
I have structured this thesis as follows:

e In the first chapter, a review on modeling of nonlinear optical interactions in wave-
guides, and an overview of the fabrication of periodically poled LiNbO3 waveguides,
are presented.



e In the second chapter, near-infrared pumped mid-infrared sources using DFG are
discussed, building on the previous chapter, and experimental results are presented.

e In the third chapter, hybrid up-conversion detectors, using both SFG and DFG
with near-infrared pump lasers and detectors, are discussed with regard to con-
ventional mid-infrared detectors.

e In the fourth and fifth chapters, free-space transmission in the mid-infrared, using
the DFG source and SFG/DFG based up-conversion detectors, is discussed. The
application to trace-gas spectroscopy and free-space communications is demon-
strated.

e Lastly, a summary is given.

Each chapter begins with a short introduction and ends with a summary. I have tried
to present sufficient theoretical background at the beginning of each chapter, in order
to motivate the developments and investigations. Bear in mind that the theoretical
treatments are not meant to be exhaustive, as each field (waveguide modeling, detector
modeling, molecular absorption modeling, and atmospheric transmission modeling) is
complex in itself. In addition, I have moved some more theoretical discussion to the
appendix, in order to keep the main chapters short and consistent, and to keep the focus
on the achieved results.



1. Strip Waveguides for Nonlinear
Frequency Conversion

Waveguides are the main building blocks of integrated optical devices. The field of
integrated optics may be understood as the optical equivalent to integrated electronic
circuits, where electronic functionalities are combined on a common substrate (e.g. a
Silicon chip). However, there is no dominant material like Silicon in electronics, but a
plethora of different substrates are available; each with different strengths and weak-
nesses. Depending on the intended application, semiconductors; glasses, polymers, or
dielectric crystals may be favored [15].

For frequency conversion purposes, ferroelectric crystals like LiNbOg3 are very attrac-
tive candidates. LiNbOj is an artificial crystal that exhibits a strong optical nonlinearity
and may be periodically poled. Both features are important for efficient frequency con-
version devices. In addition, it supports low-loss optical waveguides, for example by
Ti-indiffusion. While bulk optic crystals are convenient means to offer frequency con-
version, the integrated optical approach has certain advantages; the first and foremost
being that light is confined to small cross-sections within the waveguide in discrete guided
modes. In effect, high field intensities are intrinsically provided and may be maintained
over long interaction lengths. In the bulk optical case, the effective interaction length
is restricted to the Rayleigh range of interacting Gaussian beams. Due to wavelength
dispersion in optical crystals, as well as modal dispersion in waveguides, a method to
compensate any phase mismatch of interacting light waves is generally necessary. This
is either achieved by birefringent phasematching or by quasi-phasematching by using a
periodically poled crystal.

In this chapter, a short introduction to integrated optics and especially Ti-indiffused
optical waveguides in LiNbOgj is given. In the first sub-chapter, a recapitulation of
the theoretical treatment of optical mode propagation and nonlinear interactions in
such waveguides is presented, while the second sub-chapter elaborates on the waveguide
fabrication process in some detail. For a more accurate description of fabrication and
theoretical description of mid-infrared waveguides in Ti:PPLN, see e.g. [10] 1T]. At the
end of this chapter, the distinctions between sum-frequency and difference-frequency
generation are discussed with respect to realizing a hybrid up-conversion detector.



1.1. Theoretical Treatment of Periodically Poled
Waveguides

In order to describe nonlinear optical interactions in waveguides, one usually treats
waveguide propagation of radiation separately from the actual nonlinear interaction.
Radiation propagates in so-called optical modes, each with wavelength- and waveguide-
specific electric field distributions, which are calculated from the refractive index distri-
bution within a waveguide cross-section. The nonlinear interaction itself is treated by
so-called coupled mode equations. Basic mathematical treatment is introduced in the
following.

1.1.1. Waveguide and Non-linear Optical Polarization Theory

Ti:LINbO,
waveguide

Propagating
optical mode

1(:m
LiINbO, substrate

Figure 1.1.: Illustration of Ti-indiffused waveguide in LiNbOg3. Upper case letters denote
the crystallographic axis; lower case letters the lab coordinates. An approx-
imate scaling bar is given with respect to the dimensions of a typical MIR
waveguide.

In figure [Tl a Ti:PPLN waveguide is illustrated. The Cartesian coordinate system is
defined in order to describe electric field evolution, in addition to the crystal coordinate
system. An approximate scale bar is given, with respect to the dimensions of a typical
Ti-indiffused, MIR-waveguide.

Due to the small dimensions of an optical waveguide, which are roughly comparable
to the wavelength of light, propagation within the waveguide is restricted to discrete
modes. This is due to the fact that electromagnetic radiation consists of a superposition
of oscillating fields, interfering constructively and destructively within a sort of cavity
formed by the waveguide. If we consider an optical mode, there are states (the guided
modes) where certain boundary conditions are fulfilled and the wave can propagate due
to constructive interference within the waveguide. If such conditions are not met, any
electromagnetic wave carrying energy will simply emanate from the waveguide. Starting



point to describe a waveguide in a charge-free material are Maxwell’s equations:

. OB
V-D=0 (1.2)

. 9D

B pr— —_— 1.
V x ey (1.3)
V-B=0, (1.4)

with the local electric field vector E; D is the local electric displacement field vector and
B is the local magnetic field vector. p = p,-po is the magnetic permeability; we can let
it = 1. Then, the displacement field may be written as

D =¢E =¢kFE + P, (1.5)

where € = €,¢q is the permittivity, with relative permittivity e,. P= eoxﬁ is the local
polarization of the material, with the susceptibility tensor x. Taking the curl of (L.
and using (L2) gives

— 32_,

10 E
—Vnz(x,y)] =tz s P, (1.6)

AE - ——_E+V

c? ot? n?(z,y)

with the vacuum speed of light ¢ = (Gouo)_%- The lateral index distribution is described
by n(z,y), which is assumed as constant in z for a straight waveguide.

The polarization of the material responds nonlinearly at high field intensities and can
be written as a Taylor-series in the following way:

—

P =¢ (X(l) . E +X(2) . EE +y® : EEE + ) . (1.7)

The underlines denote tensor-character of the susceptibility terms. The first term X(l)

is responsible for the linear response of a material. When strong electric fields E are
present, higher order terms exist which cause additional frequency components to appear.
We will restrict discussion to the second order nonlinear term y?, which is responsible
for frequency mixing effects like second-harmonic generation (SEG), sum frequency gen-
eration (SFG), difference frequency generation (DFG) and parametric amplification in
case of electric fields at optical frequencies, as well as the linear Pockels-effect in case of
additional static electric fields, in non-centrosymmetric media [16]. Further discussion
will focus on the two frequency mixing processes SFG and DFG, which can both be used
for up-conversion purposes. DFG allows both up- and down-conversion of radiation.

For further considerations we can split the polarization into a linear and a first order
nonlinear term

— — —

P =P, + Py (1.8)



with P, = eox(l) . E, representing the linear susceptibility given by x = (e, — 1), and
P,= cox? : EE, so equation (I6) can be written as

= n’(r,y) 0% % 2 0?3
AFE — = ﬁE +V Vn (z,y)| = NO@PM' (1.9)

n*(z,y)

If we consider a mode at frequency w propagating in z-direction, we can take

E = 3 {E(x,y)el(m’ﬁz) + c.c.}

and .
P= 5 {ﬁnl(az, y)e Wi=o=h) 4 c.c.} :

with the complex conjugate c.c.. Here, we assume a z-independent mode field distri-
bution E (x,y) and a propagation constant 8 = n.srkye. with the wavevector kyq. = 2
in vacuum. nesy is the effective index of a waveguide mode at frequency w. ¢(z,t) is
an arbitrary phase factor which depends on the non-linear polarization inducing electric
field(s). We may neglect the third addend in equation (LJ) due to the small index

gradient in case of a Ti-indiffused waveguide, and arrive at

0 0 w?| = 5
_+7_52+n2(x7y)c_2 E:_W2M0Pnl7 (11())

which is a time-independent equation for the local electric field of a wave restricted to
propagation in z-direction. The homogeneous part on the left hand side of this equation
is an eigenvalue-equation in 8. It may be used to describe wave propagation of an optical
mode by itself, in analogy to a potential well problem in quantum mechanics, if the index
distribution n(z,y) is known.

The mode is confined two-dimensionally within the waveguide cross-section and may
propagate in the perpendicular direction. It turns out that there are basically two
types of orthogonally polarized modes, called quasi-transversal electric (QTE) and quasi-
transversal magnetic (QTM) modes. They are called ‘quasi’-transversal, because small
longitudinal field components exist in the solutions to equation [0, in addition to the
dominant transversal components. In the following, the terms ‘TE/TM’ are used instead
of ‘QTE/QTM’. Depending on the optical frequency and waveguide geometry, a number
of modes of different order may exist.

For a fixed wavelength, a waveguide may usually be designed in such a way that only a
fundamental TEq, or TMyy, mode exists, which is desired for most practical applications.
For the samples used in this work, waveguides were structured in Z-cut LiNbOj3 due to
technological reasons. In this case, the largest nonlinear coefficient of LiNbOg, ds3, is
available when TM-polarized modes are used for the nonlinear interaction. The modes
must be calculated numerically due to the inhomogeneous diffusion profile. This has
been done, for TM-modes, with the finite element method using FOCUS [I7, [18]. In
figure [[.2] calculated field distributions at 3400 nm, 1550 nm and 1064 nm are depicted.
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Figure 1.2.: Calculated electric field distributions (color gradient) of fundamental wave-
guide modes at denoted wavelengths, in an 18-um wide, Ti-indiffused wave-
guide cross-section. The (analytically calculated) index variation dn, of the
extraordinary index of LiNbO3 due to Ti-indiffusion is shown as well (broken
lines; max. 6n. ~ 14 - 1073, The dn.-profile is slightly wavelength depen-
dent, however the isolines are equivalent). Note the wavelength-dependent
position of the modes due to the asymmetric waveguide profile.

Later in this chapter, the effect of field distributions on the nonlinear interaction will
be discussed. Higher order waveguide modes and their interactions are not discussed in
this thesis, as they were treated extensively in MIR Ti:PPLN waveguides in [13]. In case
of the MIR waveguides investigated here, they offer lower conversion efficiency and, in
general, less stable and less efficient waveguide coupling.

The nonlinear polarization term on the right hand side of equation can be seen as
a perturbation and may act as a source term for a wave. In case of a second order non-
linearity due to a y(®-interaction according to equation (7)), optical waves of different
wavelengths can mix and generate sum, difference and second harmonic frequencies. In
the wave picture, the superposition of two electric fields generates a polarization response
with such frequency components (in order to generate a traveling wave at the generated
frequency however, phase-matching is generally needed due to material dispersion; this
will be discussed in section [[T.3]). In the photon picture, a photon of high energy inter-
acting with a photon of low energy will either generate a new photon with the sum of
both energies, or the high energy photon will decay, and two new photons according to
the energy difference will be generated. In order to treat nonlinear frequency conversion,
coupled mode theory is usually used, which is discussed in the following chapter.

For a more extensive discussion of optical nonlinear effects, consult the relevant liter-

ature, e.g. [19].

1.1.2. Coupled Mode Theory

Both, SFG and DFG can be explained starting from the same coupled differential equa-
tions, called coupled mode equations (CME). CME were introduced for microwave de-
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vices in the 1950’s and were later applied to optical waveguides [20]. They can be used to
model various kinds of interactions, for example in Ti:PPLN waveguides, ranging from
acousto- [2I] or electro-optic polarization mode conversion [22], coupling by directional
couplers and gratings [23], to non-linear optical interactions discussed here. The equa-
tions effectively describe the energy transfer between a number of electric fields and give
accurate results when the assumption of a finite number of discrete modes is valid. In
waveguides with low mode indices, this assumption is reasonable.

In the following, the slowly varying field amplitudes Ag,f)n (z), at frequency w with
mode index m,n, are defined in such a way that

519, (7 1) = 5 { AL, (2) €9 () 1 ma?) e )
holds for a waveguide mode propagating in z-direction. 6_’:(7;” 21 (x,y) describes the normal-
ized electric field distribution in the waveguide cross-section.

It is sufficient to consider the normalized field amplitude A,(f{)n and z-dependence of
a mode to describe the interaction in a homogeneous waveguide with a refractive index
cross-section n(x,y). A generalized index i is now introduced to describe the interaction
between three well-defined modes at frequencies w; with ¢ = 1,2, 3. Then, the CME can
be written as follows [24]:

0A . * ok : @

8_21 = —ik V" AJ Az exp (—iASz) — 71141
A

% = —ikg AT Agexp (—iAfz) — %Az (1.11)
z

0A : , o

8_23 = —ikgrv A1 Asexp (IALBz) — 73143‘

Power in the respective modes is given by [ [ 1) (7, t) dedy = P;. Waveguide propa-
gation losses are considered in the damping coefficient «;, and the three equations are

coupled by the coupling term x; = 2md,y, \/ 2 (nlngngceo/\%)_l, with the effective indices
n;. The overlap integral is given by

VZ/ / E1(z,y)E(x,y)Es(x, y)dady
0 —00

which accounts for the effective interaction area determined by the electric field distribu-
tions of the interacting modes. d;;i, is an element of the nonlinear tensor which is coupling
the three considered waves 1, j, k of arbitrary polarization. The complex conjugates are
marked with an asterisk. The phase-mismatch term is given by AS = 3 — B2 — 1. The
system of coupled equations may be solved analytically, if we assume identical (power)
losses «; for each wave, as well as a non-depleting pump, i.e. pump losses are given by
propagation losses only and not by conversion. For a detailed treatment, see e.g. [10, [16].
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For now it shall be sufficient to consider a phase-matched interaction with zero losses,
where we assume A and «; to be zero, as well as an effective nonlinear coefficient dy
of a given value (see section [[.I.3] for more information). In this case, for SFG we get

As(z) = A3 (pump)
A;(z) = A cos (yr1ks|v|| A3 ) (signal) (1.12)

A
Az(z) = —iy/ )\_114[1) sin (y/kirs|v||A9|z) (sum frequency)
3

Note that the input phases of pump and signal are preserved during frequency conversion
and add up to an additional phase of the sum frequency [25]. From equation (12
directly follows

Py(z) = Py (pump)
Py(z) = P} cos? (« / /€1H3P20|I/|Z) (signal) (1.13)
_ M opo o 0
Ps(z) = )\—P1 sin r1k3 Py |v|z (sum frequency)
3

for the power evolution. In the case of DFG, we have

As(2) = A3 (pump)
Ay(2) = AY cosh(y/kika|V||AY]) 2 (signal) (1.14)

Ai(z) = —iy/ %Ag sinh(y/k1Ra|v||AY])2 (idler)
1

and, for the power evolution,

Py(z) = Py (pump)
Py(z) = PY cosh?(\/ki1ko P|v|)2 (signal) (1.15)
A
Pi(z) = )\—2P20 sinh?(y/k1ke PO|V|)2 (idler)
1

In order to estimate conversion efficiencies, we can now insert some realistic parameters
into equations (L.I3)) and (LIH). Assume that an MIR wavelength (here: 3.4 pum) should
be converted to the NIR to be detected with an InGaAs detector. In the DFG case,
a pump at 1064 nm wavelength is chosen to generate the DF at 1550 nm; in the SFG
case, the pump at 1550 nm wavelength is chosen to generate the SF at 1064 nm. If
we assume feasible power levels for pump and signal, and take calculated values for the
overlap integral v (&~ 72000 m~' [13]) and coupling coefficients x;, we get the curves
displayed in figure for the converted power.

From these curves we can see that, in the regime of short interaction lengths and low

B (0)B(0) 18 comparable for both

pump power, the conversion efficiency, defined by 1 =
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Figure 1.3.: Dependence of SFG/DFG power conversion efficiencies as function of pump
power (left) and interaction length (right), using a simple analytical model
of a Ti:PPLN waveguide.

processes (it is, in fact, larger for the SFG-process, mainly because of the fact that higher
energy photons are generated than in the DFG case). In this case, conversion efficiency
scales nearly linearly with pump power, and it may be estimated that for small z, P,
and P,

2 2
d PSF _ 2 & QWdeffVL _ nsp[l/W]
dPpdPs  npngsngr \ € AsF
2 2
d PDF _ 2 & 27TdeffVL :nDF[l/W]
dpdeS npnsnpr €0 )\DF
Plugging realistic values, we get
% 1,
Nsrp = 1330— X —— X w
WA O
% 1
NpF = 629W x E x w%F

At higher pump powers, respectively interaction lengths, however, we observe an ex-
ponential slope due to sinh?-type behavior in the case of DFG, while conversion saturates
in the case of SFG due to sin?-type behavior. The reason for this is so-called parametric
amplification in the case of DFG: due to the generation of an addition signal photon
during the decay of each pump photon, the nonlinear process is effectively enhanced. In
reality, the pump will deplete however, due to the nonlinear process as well as propaga-
tion losses, so the effect is somewhat limited. Pump depletion can be accurately modeled
by solving equations (([LT1]) numerically.

In the SFG-case, the process is reversed beyond unit conversion. If sufficient pump
power is available in a given waveguide geometry, all the incident photons are up-
converted to the sum-frequency. A further increase of pump power will lead to the
re-generation of signal photons together with the pump - the reason is given by the fact
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that the direction of energy transfer between modes is dictated by a phase relationship.
The phase is determined automatically if one of the interacting waves has zero ampli-
tude, according to equations [[L12] and [I.14l

From these basic considerations, assuming similar detector performance at the re-
spective SF' and DF wavelengths, as well as equivalent powers at the respective pump
wavelengths, we can derive the following: If sufficient pump power and sufficiently long
interaction lengths (compromising, however, phase-matching bandwidth) are available
to reach the regime of notable parametric amplification, DFG is the interaction of choice.
However, SFG has a slight advantage in power conversion efficiency at lower power lev-
els, due to conversion to higher energy photons. In reality, available instrumentation
(detectors, pump sources), as well as spectral filtering need to be taken into account
(see next chapter for a detailed discussion).

There is, however, another catch. In the case of the DFG-interaction, amplified para-
metric fluorescence leads to the generation of photons at the up-conversion wavelength.
The consequences for the up-conversion detector are discussed in the chapter Bl

1.1.3. Quasi Phase-Matching

We have taken A as zero above, assuming perfect phasematching. However, due to
material dispersion, there is generally a phase mismatch which needs to be compensated.
Birefringence can be used for this purpose, but quasi-phasematching (QPM) by periodic
poling is generally favored because it enables access to the highest nonlinear coefficient
dsz =~ 20 pm/V of LiNbOj3 [I0] and enables nearly arbitrary wavelength combinations.
It is even possible to use counter-propagating interactions, which was demonstrated in
2007 by Canalias et al. in the form of a mirrorless OPO [26]. The need for these phase-
matching techniques leads to a limited bandwidth of the nonlinear process, which will
be discussed in later chapters (a detailed discussion is also found in [13]).

In Ti-indiffused waveguides in Z-cut, Y-propagation LiNbOs3, the dss-coefficient leads
to nonlinear optic interactions between TM-polarized waveguide modes. Recalling equa-
tion (LII]), we can develop the discrete modulation due to periodic poling of the sub-
strate by

desr(2) = digi Y Gexp(—iK,2) (1.16)
with the wave vector K, of the periodic grating structure and Fourier coefficients
G = % sin (mn) (for a fixed periodicity and duty cycle). If we plug equation (LI
into equation (LII)) and neglect higher order coefficients, d,j; is replaced by desr =

2d,jx exp (—i3Tz) and so the phase mismatch term in equation (III]) becomes

AB= DB~ AB— Af — (1.17)

which should become zero, with the poling periodicity A. A must be determined accord-
ing to the desired nonlinear interaction. Solving equation ((ILTT]) using this approximation
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Figure 1.4.: Nonlinear-optic generation of radiation in an optical waveguide over short
interaction lengths. In case of a one-pass nonlinear optical interaction with
interaction lengths in the range of centimeters, the first-order QPM approx-
imation describes the process exceptionally well.

describes reality sufficiently well for interaction lengths much longer than A; however,
the higher order coefficients in equation lead to an additional modulation of the
power conversion which is evident for very short interaction lengths. This effect can be
seen in figure (I4]). The calculated domain periodicity is A = 27.36 pm. After each half
period of A, the sign of the nonlinear coefficient is changed, corresponding to a phase-
shift of 7 according to equation [[LI7l The periodic change of the sign of the nonlinear
coefficient enables a continuous power conversion. Without phase-matching, power is
exchanged periodically between the three waves without efficient frequency generation.

A curve for perfect phase-matching without QPM, assuming the same nonlinear co-
efficient, is also given for comparison. It is possible to achieve e.g. birefringent phase-
matching without QPM, however the nonlinear coefficient is considerably lower when
the interaction of orthogonally polarized waves is considered.

1.2. Waveguide Sample Fabrication

After a LINbOj3 substrate has been prepared, the sample fabrication consists of two main
fabrication steps: In the case of Ti-waveguides, waveguides are indiffused first, followed
by a period poling process. Afterwards, some finalizing steps, like end-face polishing,
are usually also necessary. The fabrication is described in the following in some more

detail [27]:
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1.2.1. Waveguide Fabrication
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(a) Waveguide fabrication steps (b) Ti-waveguide
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turing; iv),v) Ti-strip formation; vi) Ti-indiffusion. (b) Top-view micro-
graph of a Ti-indiffused MIR waveguide.

In order to fabricate waveguides in LiNbOg3, Titanium stripes may be indiffused into
a crystal substrate in order to form strip waveguides. The exact fabrication parameters
are usually chosen in such a way that, if possible, a waveguide which is single-mode at
the design wavelength(s) is obtained. A number of steps need to be taken before the
Titanium is indiffused at elevated temperatures:

The first step is to cut a ca. 90 x 12 x 0.5 mm? sample substrate from a 4” LiNbO;
wafer. The sample is coated with a Ti-layer by E-beam evaporation (figure [[.5al (i)); for
MIR waveguides, the layer thickness is about 170 nm. In order to create the waveguide
structure, a positive photoresist layer (type AZ6615) is then spin-coated onto the sample
surface and baked at 90°C for 30 minutes (figure[[.5al (ii)). Using a chromium photomask
as the template, the photoresist is then structured by photo-lithography. The structure
consists of eight identical waveguide groups, including a tapered region for fiber cou-
pling, as well as labels and alignment marks. The photoresist is developed using type
AZ400K developer (figure [[5al (iii)). Afterwards, the exposed Ti is wet-etched using
EDTA (figure [[5al (iv)) and the remaining photoresist is removed in an acetone bath.
(figure [L5al (v)). In order to indiffuse the Ti into the substrate to create the dielectric
waveguides, the sample is placed into a programmable oven for 31 hours at 1060°C,
including warm up and cool down times (figure [[.5al (vi)).

The indiffused Ti induces a refractive index profile in the substrate, enabling wave
guidance. Some patchy structures form on top of the waveguides during the indiffusion
process (figure[L.5D)), and the resulting surface roughness contributes to waveguide prop-
agation losses. Still, losses have been found to be about 0.05 dB/cm for Ti-indiffused,
MIR waveguides at 3.4 pm, which is still exceptional [I3]. Also, at the bottom of the sub-
strate, the c-axis (corresponding to the crystallographic Z-axis) is spontaneously flipped
in a roughly 10 um thick layer due to the pyroelectric effect during indiffusion [10].
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1.2.2. Periodic Poling

After the waveguides have been fabricated, the substrate needs to be periodically poled
in order to later on facilitate quasi-phasematching in the waveguides. The poling peri-
odicity is calculated beforehand, which is done using semi-empirical models of material
dispersion and numerical calculations of waveguide mode dispersion (see section [LTT]).
Due to fabrication tolerances and other incalculable deviations between experiment and
theory, a set of varying poling periodicities is usually used on a single sample. This
allows to finally choose the waveguide with the best nonlinear properties at a desired
wavelength and suitable temperature.

The fabrication method of choice is electric field assisted periodic poling. As the
growth of ferroelectric domains begins at the +Z side of the crystal, the bottom layer
needs to be removed by careful polishing (figure [6al (i),(ii)). Afterwards, the polarity
of the whole sample needs to be reversed. For this purpose, it is placed in between two
rubber O-rings within a specially designed poling holder. The area within the O-rings
is then filled with a lithium chloride liquid electrode (figure [[6al (iii)) and an electric
field higher than the coercive field strength of LiNbOj (ca. 21 kV/mm [28]) is applied
to ‘flip’ the c-axis (figure [L6al (iv)). During this step, the current must be recorded to
estimate the necessary charge for the actual periodic poling step, which is reduced due
to the poling mask when compared to the ‘flipping’-charge.

v)

Q&

FAERRAAAAAAARR

@ @ UL

) Periodic poling steps ) Photoresist Structure

Figure 1.6.: (a) Periodic poling steps: i),ii) removal of spontaneous polarization layer;
iii),iv) c-axis reversal; v),vi) periodic poling using a lithographic grating
structure. (b) Top-view micrograph of Ti:PPLN sample before periodic
poling. Horizontal lines are the waveguides, below the photoresist layer.

Again, a photo-lithographic structure is needed in order to create the poling structure.
A photoresist (type AZ4533) layer is again spun onto the sample surface, this time with
a slightly thicker resist used to effectively shield the electric field during the poling
process. The resist is structured by photolithography (figure [L6D]). The mask layout is
organized in 6 poling groups with periodicities from A; = 26.5 um to Ag = 27.25 pm
in 0.15-um steps (see appendix [A] for details). The mask should be carefully aligned to
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the waveguide structures, which were previously created. After baking the photoresist
at 90°C for 30 minutes, the photoresist is developed (figure [LGal (v)) and the poling
procedure is repeated, this time generating the periodic poling structure (figure [[.6al
().

Waveguide fabrication is now completed and the sample end faces can be polished.
Afterwards, additional dielectric anti-reflection coatings, as well as pump reflection mir-
rors, may be applied as needed, using evaporation deposition techniques.

1.3. Summary and Discussion

The indiffusion of Ti-stripes into a LiNbOj3 substrate is a mature processing technology
to realize low-loss optical waveguides. Waveguide propagation losses below 0.1 dB/cm
can be readily achieved. Together with electric-field assisted periodic poling, to generate
quasi-phasematched Ti:PPLN waveguide samples, efficient non-linear devices for MIR
applications can be realized. Theoretically, conversion efficiencies of the order of several
hundred %/Watt are feasible for a sample of several centimeters length. The bandwidth
of the nonlinear process is of the order of nanometers, as will be seen in later chapters.

Note that there are some intrinsic effects which limit performance - as well as room
temperature operation - of these devices. This includes:

e The large waveguide cross-section of an MIR waveguide, which is multimode at
NIR wavelengths [13]. Due to the nature of nonlinear interactions in a waveguide,
the selective excitation of fundamental modes of pump and/or signal radiation
is imperative, and may be realized using a carefully designed taper at the fiber-
connected end of the waveguide. Corresponding taper-sections were implemented
in the mask design used for the lithographic waveguide structuring. Also, careful
adjustment of coupling optics is just as crucial.

e The waveguide index profile is inherently asymmetric, due to the surface-bound
indiffusion process of Ti into the substrate. This leads to a wavelength-dependent
position of (fundamental) waveguide modes, in addition to differing mode sizes.
The mode distributions determine the overlap integral, which in turn dictates the
efficiency of a waveguide-based nonlinear process. Well-centered modes would be
preferable, due to an improved overlap integral.

e Ti-doped LiNbOj3 shows pronounced photorefractive properties [29], i.e. an optical
absorption-induced variation of the refractive index distribution in a waveguide is
observed. Also known as optical damage, this has a strong effect on non-linear
interactions in waveguides, mainly because the phase-matching term AS depends
on refractive index. Photorefractivity can be mitigated by heating of the optical
sample to elevated temperatures. The Ti:LiNbO3 waveguide samples were oper-
ated at temperatures above 150°C to achieve stable output power and repeatable
tuning characteristics.
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There are promising developments to circumvent such difficulties. Zn-doped LiNbOj3
has been used for example to fabricate ridge waveguides which are optical damage re-
sistant and offer high MIR power output even at room temperature [30]. Also, the use
for example of ridge waveguides, or in the future possibly even of periodically-poled
photonic wires [31], can improve mode confinement as well as mode overlap for an opti-
mized nonlinear optical waveguide interaction. For these techniques to be competitive,
however, fabrication techniques still need to be improved to realize low-loss waveguides
of consistent quality.
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2. Mid-infrared Source based on
Difference-Frequency Generation

Nonlinear wavelength conversion of radiation is an attractive means to reach certain
wavelengths in the MIR-range, as has been previously demonstrated by several research
groups, see e.g. [11, 30, B2]. In fact, DFG-MIR-sources with wavelengths around 3.4 pum
have matured to commercial status and are currently being marketed by a small number
of companies, using bulk crystals [33] and even waveguides [34].

In the past, the MIR range above 3-pum wavelength was covered mainly by lead-salt-
compound lasers - these are, however, limited in tuning range by mode hops, and limited
in output power by low thermal conductance of the materials [8, B5]. QCL’s represent
a more recent and advanced development in the area of MIR laser sources. At the
time of writing, QQCL’s are commercially available and even wavelength tunable external
cavity QCL’s, using the QCL structure as gain medium, have reached commercial status
[36, B7]. The QCL was demonstrated by Feist et al. in 1994 [38], who later also realized
the first tunable external cavity QCL [39].

However, commercially available QCL’s cover the wavelength range mainly above
4.5 pm. Emission around 3.4 pm has been demonstrated in the laboratory before [40],
albeit cw-operation (cw = continuous wave) was limited to cryogenic temperatures.

DFG sources using frequency conversion in single-mode waveguides exhibit a natu-
rally good mode quality, flexible tunability, and power scalability. Using DFG, nearly
arbitrary wavelengths may be reached by mixing suitable wavelengths. Output powers
and spectral characteristics are mainly determined by the available pump and signal
sources, which can have excellent properties with respect to output power and spectral
purity in the NIR range themselves. Several tens of milliwatts of generated MIR power
have been achieved by down-conversion to 3.4 ym using DFG in diced ridge waveguides
[30].

Wavelength tuning is facilitated by tuning of either or both of pump and signal sources.
If only one of either is tuned, the phase-matching bandwidth limits the useful instanta-
neous tuning range of a DFG-MIR source. However, synchronized tuning of both tem-
perature and signal wavelength was demonstrated in bulk optic crystals for wide-range
wavelength scans [32]. In this case, a PPLN crystal was heated to elevated tempera-
tures and then cooled down by simply switching off the heating current. The temporal
phase-matching characteristics of the crystal was then determined in rigorous character-
ization of the cooling process; subsequently, the signal wavelength could be adjusted as
a function of time in order to retain phase-matching.

In addition to the attractive modal quality and power scalability of a DFG source,
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the non-linear wavelength conversion retains not just amplitude information of a down-
converted signal, but also the phase-information; a feature which is especially useful for
phase-encoded data transmission.

In the previous chapter, the theoretical background and fabrication steps for wave-
length conversion devices based on nonlinear optical interactions in waveguides were
discussed. In this chapter, an MIR source using DFG is described and experimental re-
sults, including conversion efficiency and tunability, are presented. In this case, 1550-nm
signal radiation is mixed with a 1064-nm pump in order to generate 3.4-um radiation.

2.1. Theoretical Modelling

In order to estimate the performance of a DFG-based MIR radiation source, modeling
according to section [T was performed. The nonlinear interaction was modeled for an 18-
pm wide, Ti-indiffused waveguide of 90 mm interaction length. First, the overlap integral
v was determined by calculating the electric field distributions of the three interacting
waveguide modes using FOCUS [I7]. The nonlinear coefficient ds3 was calculated using
Miller’s A. In literature, the values of nonlinear coefficients are mainly given for second-
harmonic generation in the visible to near-infrared wavelength range, so Miller’s A
was used in order to calculate the nonlinear coefficient for the respective SFG and DFG
interactions of interest here [41]. Miller’s A assumes a singly resonant harmonic oscillator
model, in which case it has a constant value:

dijk(_WS; Wi, w2)

A, = 2 (ws) — 1][71?(&)1) — 1[ni(we) — 1]

At the given wavelength combination of 3400 nm, 1550 nm, and 1064 nm, and assuming
a coefficient ds3 = 25.2 pm/V for SHG at 1064 nm, we get d33 = 17.8 pm/V.

The following calculations were performed by plugging given values into equation ([L.TT])
and assuming quasi-phasematched interactions. Waveguide losses of 0.05 dB/cm at
3.4 pm, 0.1 dB/cm at 1550 nm and 0.2 dB/cm at 1064 nm were assumed [I3]. The first
value was measured according to the Fabry-Pérot fringe contrast method [42] with a ref-
erence PPLN sample; however the two values at the shorter wavelengths were estimated
because the contrast measured is only applicable to mono-modal waveguides. The losses
are assumed to be higher because scattering losses increase with wavelength.

The results of the calculation are shown in figure .1l The waveguide-internal idler
power at the end of the 90-mm interaction length is given as a function of pump and
signal powers at the waveguide input. In contrast to the simplified considerations pre-
viously discussed and presented (see figure [[3]), the calculations were now performed
numerically and consider pump depletion as well as realistic waveguide losses. The
pump depletes as pump photons decay to signal and idler photons - as a result, the
DFG-process is limited by available pump power. At a given initial pump power, the
maximum idler which can be extracted from the Ti:PPLN waveguide is reached when
the pump is completely depleted by mixing with a sufficiently strong signal wave. If
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Figure 2.1.: Calculated power dependence of the generated idler radiation on pump and
signal powers in a 90-mm waveguide, considering propagation losses and
pump depletion. Left: up to 4 Watts of pump/signal radiation, right: de-
tailed view of up to 1.5 Watts of in-coupled pump/signal radiation.

input signal power is increased any further, the nonlinear process is reversed within the
interaction length, so to speak, and pump-photons are ‘re-generated’ by SFG between
signal and idler photons.

This may be explained by the following consideration: Phase-matching is possible for
both SFG and DFG, as indeed both processes are described by the same equations. If
one of the waves is depleted, its phase becomes undefined - corresponding to the initial
problem, which is usually solved for in nonlinear optical interactions. Only the phase-
relation between the three interacting waves determines whether SFG or DFG takes
place (cp. equations [[L12 [[.14] - the generated wave lags behind with an additional
phase factor of —i¢ in each case).

The maximum permitted power is given by the destruction threshold of the waveguide.
The threshold for bulk LiNbOj3 is in the range of 100 MW /cm? [43], so assuming a
modal cross section of 4 ym? at the pump wavelength of 1064 nm, this corresponds to a
maximum pump power of about 4 Watts. In case of the waveguide geometry discussed,
the maximum idler power is then expected from theory with just 60 milliwatts of signal
power at 4 Watts of pump power, generating more than 900 milliwatts of idler. At lower
pump power levels, the signal power needed to deplete the pump increases slightly due
to reduced parametric signal amplification. Higher output power levels are in theory
possible within the ‘second maximum’ along the signal-power axis, however the highest
conversion efficiency is obviously reached within the fundamental conversion peak at low
signal power levels. Such ‘extreme’ situations did not occur experimentally due to the
moderate power levels.

23



A number of additional factors restrict the maximum permitted power below the
assumed damage threshold of 4 Watts, being

e injection efficiency and damage resilience of the waveguide interface,

e photo-refractive damage, which becomes significant at milliwatt-range powers at
1064 nm and room temperature operation, which seriously degrades performance
due to changes of the phase-matching condition within the waveguide [29],

e power allowance of all the other optical components involved.

In this work, waveguide-internal power levels were limited to the order of 100 mil-
liwatts of pump and signal, meaning that pump depletion and other aforementioned
effects did not pose serious difficulties. MIR output-powers above 10 milliwatts at 3.8-
pm wavelength were demonstrated experimentally using fiber-coupled lasers as pump
and signal sources [44]. Output power was limited by fiber-optic components, which
were used as well to combine pump and signal radiation, as to couple radiation to the
waveguide samples. In addition, insertion losses of the fiber-optic components as well as
coupling losses to the waveguide reduced the power available in the waveguide.

Asobe et al. have demonstrated even higher output powers of a MIR-DFG source,
using a Zinc-doped and thus damage resistant LiNbOj3 ridge waveguide fabricated by
direct bonding and dicing technique [30]. They could generate 65 milliwatts of idler at
3.4-pm wavelength, with 444 milliwatts of injected pump at 1064-nm wavelength, and
558 milliwatts of injected signal at 1550 nm.

2.2. Experimental Setup

An MIR source using DFG requires the following main components, shown in figure [2.2al
Firstly, the nonlinear optical crystal, and secondly, pump and signal laser sources. A tun-
able external cavity laser (ECL) with a tuning range from 1500 to 1600 nm in 1 pm steps
and output powers in the milliwatt range was used as signal source. As for the pump
source, a fiber Bragg grating (FBG) stabilized laser diode (LD) operating at 1064 nm,
with an external fiber optic isolator to suppress feedback-related output fluctuations,
was used as pump for 3.4-um wavelength generation. The utilizable output power (be-
hind isolator and polarization control) was 32 milliwatts. Signal power may easily be
amplified to several Watts, using an erbium doped fiber amplifier (EDFA) behind the
ECL. However, signal power was restricted to more conservative values most of the time
in order to protect fiber optic components. Figure 2.2b]shows a Ti:PPLN sample housed
in a Cu-oven in an isolating Teflon™ enclosure. The fiber coupling stage is also shown
in the figure.

For a brief period of time in this work a high-power pump at 1064-nm was available
(Klastech Senza [45]). In case of communication experiments discussed in chapter [3, a
high-power, 1100-nm source was used to generate and re-convert 3.8-um radiation.

Light can either be coupled into (or out of) the waveguide using lenses, or directly
from a fiber by butt-coupling. Coupling efficiency is determined by the modal overlap
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Figure 2.2.: (a) [lustration of a DFG-MIR source. (b) Photo of a Ti:PPLN sample
housed in a Cu-oven, isolated by a Teflon™ enclosure. The fiber coupling
stage of the DFG-MIR module is also visible.

between a waveguide mode, and the field distribution of the impinging radiation at
the respective wavelength. In order to selectively excite the fundamental modes at the
‘NIR’-input, a linear taper section of 3 mm length is used, where the waveguide width
increases from 4 pm to full width (see section [[.2.1] figure [[.5al).

In the case of frequency mixing, one main inconvenience when using lenses to couple
light into the waveguide is chromatic dispersion of the lens material. This has been
illustrated in figure here, two lenses are shown; one for beam collimation, and one
for coupling to the waveguide. In the Gaussian beam picture, the differing refractive
indices of the first lens will lead to beam waists at two different positions. This in turn
causes a slight shift of the focal distance behind the coupling lens, which can easily
surpass the Rayleigh length (see appendix [Bl for a short discussion). Even more severe
are lateral shifts of any optical component, which will lead to harmful deviations of the
two beams within the focal plane.

Waveguide

Source

output Focal

spots

Figure 2.3.: Illustration of lens dispersion effects when coupling different wavelengths to
a waveguide.

In the optimum case using dispersive lenses, the beams coming from both lasers would
first need to be collimated individually, using lenses operating at their design wave-
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lengths. The two beams could then be combined using a beam combiner (realized using
e.g. using a specially designed dielectric layer system on a transparent substrate) in
order to couple both to the waveguide. The overlap of the free-space propagating modes
with the waveguide modes could be optimized individually for the two wavelengths.

It was found that the nonlinear efficiency was several times higher using an optical
fiber for coupling, than using a simple lens arrangement as shown in figure 2.3 due
to the reasons discussed above. Also, the use of fiber optic components together with
waveguides has a number of additional advantages:

e complexity is minimized because functionalities can be combined,

e the need for bulky components is reduced,

e mechanic stability requirements may be relaxed due to miniaturization,
e compatibility to fiber-optic devices is given.

In the fiber optic setup, a WDM coupler is used to combine the two incident wave-
lengths, and a glass ferrule mounted on a miniaturized translation stage is used to couple
the light to the waveguides (figure 2.4]).

Polarization Control ’ 4 PPLN waveguide sample
(XX . (fiber-goupled side)

Figure 2.4.: (a) DFG setup using fiber-coupling to the waveguide. Take note of the
exaggerated scale of the waveguide. (b) Microscopic view of the fiber ferrule
used for fiber-coupling. Several waveguide groups, each with 6 waveguides,
are visible. The path of the radiation coming from the fiber, which is coupled
to an individual waveguide (waveguide 6 of group 3, in this case) is sketched
by arrows. The bottom side of the sample has a rough polish, making the
sample appear whitish.

Both fiber ferrule and waveguide sample are polished at respective angles in order to
suppress back reflections and interference fringes both inside and outside of the sample.
The sample end face is polished at a 5.8° angle in order to match the emergence angle
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from the ferrule, which is polished at an 8° angle. Also, a broad-band anti-reflection
(AR) coating was applied to the fiber-coupled side of the waveguide in order to reduce
fringing effects due to Fabry-Perot cavity resonances (see figure 2.5]). The sample itself
is kept in a copper oven which can be heated to above 200°C in order to alleviate
photo-refractive damage due to the high optical field strengths in the waveguide.
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Figure 2.5.: Transmission properties of the anti-reflection coating of the fiber-coupled
endface (measured on a witness sample). The coating is centered at 1300 nm,
offering satisfactory performance at both 1064 and 1550 nm.

The nonlinear interaction in the waveguide will generate idler radiation efficiently
only when the phase-matching condition is fulfilled. Phase-matching can be achieved by
either tuning sample temperature, or by scanning the signal (or pump) wavelength. Both
tuning mechanisms lead to changes in the differential phase of the interacting waves. The
reason is the temperature- and wavelength-dependence of the refractive index as well
thermal expansion effects. Tuning of either, temperature or signal (pump) wavelength,
is in principle suitable to record the phase-matching characteristics of a device, if the
pump (signal) wavelength is fixed. When both, temperature and wavelength are tuned in
unison, the phase-matching condition can be maintained over a long wavelength range.
This procedure has been used in bulk-optic DFG crystals for broadband wavelength
sweeps in the mid-infrared to detect constituents of surgical smoke by Gianella et al.
[32].

Temperature tuning during operation is more or less unsuitable when a waveguide-
based frequency conversion device is used, due to thermal expansion of the material
which will alter the coupling efficiency. This effect would be alleviated by pigtailing
the fiber to the waveguide sample, which was however not (yet) done due to the high
operating temperatures of the waveguide sample. Thus, the usual procedure to find the
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phase-matching condition is to

e stabilize the sample to a desired temperature,
e optimize fiber coupling to the waveguide at this specific temperature,

e scan the signal wavelength while monitoring the output using an MIR detector.

The MIR beam emerging from the waveguide end face may be collimated by a suitable
lens. For this purpose, a ZnSe best-form lens with a focal length of 15 mm is used in the
experiments. Pump and signal radiation emerging from the waveguide must be blocked;
an AR-coated Germanium filter, which is transparent in the MIR, is used to fulfill this
purpose. An MCT detector is used for detection.

2.3. Sample Characterization & Discussion of Results

The characterization of the Ti:PPLN waveguide samples was restricted to the following:

e investigation of MIR waveguide mode profiles,
e determination of external and internal conversion efficiencies,
e investigation of phase-matching properties / wavelength tuning characteristics, and

e power stability measurements.

The results are presented in the following:

2.3.1. Mid-infrared Mode Distributions

The photo-mask used for waveguide fabrication contains eight waveguide groups with six
waveguides each. The waveguide groups have an identical structure, with two waveguides
each of widths 18 gm, 20 pm and 22 um (see appendix[Al). The former two exhibit mono-
mode behavior at 3.4-pum wavelength (QTMgg-mode), while the latter also supports the
first order QTM;o mode. This was verified using a Stirling-cooled MIR camera [46], with
a 320 x 256 pixel InSb detector array with 30-pm pixel pitch (see figure 2.6). Radiation
from the 3.4-ym HeNe-laser was coupled into and out of the waveguide using f = 15 mm,
ZmnSe bestform lenses with a calculated resolving power of 4.4 pm.

In figure 2.7, a measured mode profile from an MIR waveguide is compared to a
calculated intensity profile using FEM (Finite Element Method) in FOCUS [I7]. In
the calculated profile, a pronounced asymmetry is apparent near the waveguide surface
(given by the horizontal line at y = 0 pm), due to the high index contrast to air. Towards
the substrate, the index gradient is much smaller due to the indiffused Titanium, so the
mode spreads out into the substrate. In the measured profile, the effect is not visible
which is a strong indication that the ZnSe lens resolution is insufficient to fully resolve the
features of the near-field being emitted from the waveguide. This has some implications
on the coupling efficiency of an MIR-beam to such a waveguide, which is of importance
for the free-space transmission lines discussed in later chapters.
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Figure 2.6.: Measured intensity distributions of fundamental mode QTMy, (left) and
first order, QTM;y mode (right) in a 22-um waveguide. Radiation coming
from a HeNe laser emitting at 3.39-um wavelength was selectively coupled
to the respective waveguide mode by mechanical adjustment of the input
lens. The mode was imaged onto the MIR camera using an AR-coated,
f =15 mm ZnSe lens.
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Figure 2.7.: Comparison of a measured mode intensity profile (left) with a calculated
one (right) in a 18-pum wide Ti-waveguide.
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2.3.2. Nonlinear Conversion Efficiency

A typical wavelength scan with a 1064-nm pump is shown in figure 2.8 (measured values
represented by dots). The particular waveguide has an overall length of 92 mm, of which
4 mm are lost due to the tapered input waveguide. The phase-match tuning bandwidth
is about 1 nm in such a sample. In theory, a nearly mirror-symmetric curve resembling
a sinc2-type function is expected (broken line); however, waveguide inhomogeneities due
to fabrication tolerances (waveguide width, crystal homogeneity, etc.) and temperature
gradients in the waveguide oven can lead to a chirp in the coupling term, causing some
asymmetries and reduced efficiency. Such a chirp has been modeled by adding a parabolic
variation of the phase mismatch term A/ (see equation [[L.I7) to the calculation, in order
to re-create the slightly asymmetric measured curve. This is shown in figure 2.§ as
a dotted line. Also, the effective interaction length was adjusted slightly for a better
agreement between the curves. On the right side of the measured curve, a flat hump is
discernible, which indicates additional linear and higher order terms in the chirp.

Idler wavelength [nm]
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Figure 2.8.: DFG tuning characteristics. The generated idler is given as function of
signal wavelength. Pump wavelength was fixed to 1064 nm. The difference-
frequency wavelength of the generated radiation is given in the top axis.
Dots represent the measurement; lines represent numerical calculations.

Assuming homogeneous crystal quality in a single sample, the asymmetries are likely

caused by

e variations in Ti strip width,
e variations in Ti strip thickness,

e variations in the poling periodicity,
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’ Parameter H Calculated variation H Measured variation H

Ti strip width -0.6 pm -0.3 pm

Ti strip thickness -1.72 nm -1.1 nm
Poling periodicity 0.016 pm n.a.

Indiffusion temperature 0.85°C -0.5°C
Operating temperature -7.4°C n.a.

Table 2.1.: Calculated and measured variations of waveguide parameters along the sam-
ple length. The calculated values correspond to the phase-mismatch chirp
that was determined to model the measured DFG tuning characteristics. The
measured variation in Ti-strip width and -thickness, and indiffusion temper-
ature of this particular sample compare well to the calculated values. In fact,
due to the accumulation of effects in a real sample, it is reasonable that the
measured values are somewhat smaller.

e temperature gradients in the indiffusion oven, and
e temperature gradients of the sample during operation.

The heuristically determined, parabolic chirp can now be traced to each of these causes.
This was done by individually calculating the partial differentials of the phase-mismatch
term Af, as function of each. The result is given in table 2.l Evidently, the measured
Ti-strip parameters from the particular DFG sample compare very well to the calculated
ones. The measured variations are slightly smaller even, due to the accumulation of ef-
fects in a real sample. The calculated temperature variation during indiffusion seems
plausible; however, the temperature profile in the oven had a different sign in the varia-
tion. The necessary variation in operating temperature during operation is quite high,
so the effect of temperature variations in the sample oven on the shape of the tuning
characteristics should be accordingly small. Lastly, variations in poling periodicity are
not known; however, it is assumed that the periodicity itself is quite homogeneous due
to the fabrication process. See appendix [C] for some further discussion.

The low-power, normalized external conversion efficiency is defined as n =
Piater | PyumpPsignar- Pump and signal powers were measured before the WDM coupler
(see figure 2.4]) and determined as 32 milliwatts and 0.3 milliwatts, respectively, before
being combined and coupled to the waveguide. At this power level, an MIR power of
1.2 uW was measured with an MCT detector. In this case, at a wavelength of 1553.4 nm,
the external conversion efficiency was determined to be 13.5 %/W. A Germanium fil-
ter was used to block pump and signal, with a transmission of about 66 % at 3.4-um
wavelength. Also, fiber coupling losses need to be considered, which lie between 1.6 and
3 dB for each wavelength [47] (the exact coupling efficiency cannot be easily measured,
mainly due to multimodal behavior of the waveguide at NIR wavelengths). The WDM
coupler itself exhibits an insertion loss of 0.6 to 1 dB. From this we can conclude that
the internal conversion efficiency lies between 58.5 % /W and 93.4 % /W, depending on
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Figure 2.9.: DFG idler power dependence on signal power, with approximately 22 mil-
liwatts of pump coupled to the waveguide. (a) Measured power levels. (b)
Deduced internal power levels. Upper and lower limits were determined
by varying fiber coupling coefficients between -1.6 and -3 dB, and -1.8 and
-3 dB, for the pump and signal waves, respectively.

the assumed fiber-to-waveguide coupling losses.

The signal power dependence is shown in comparison to theory in figure 2.9 Pump
power was kept constant (output power of laser diode of 32 milliwatts), with approxi-
mately 20 milliwatts coupled to the waveguide. Again, the internal power was estimated
from the measurement. An upper and lower approximation of waveguide-internal powers
was performed by varying the in-coupling coefficients between 1.6 to 3 dB for pump and
signal radiation, and by considering the 0.6 to 1 dB insertion loss from the WDM as
well as 33 % transmission loss of the pump-absorbing filter. Reflection losses from the
sample were assumed to be low due to the AR-coatings. Power was measured using the
MCT detector and 42 dB of attenuation using grey filters, in order to reduce the power
levels to the linear regime of the detector. The grey filters were previously characterized
at 3.4-um wavelength.

The experimentally ascertained curves lie slightly below the calculated ones. A lower
experimental conversion efficiency is even expected with respect to theory, due to the
imperfections of the waveguide which manifests in the asymmetry seen in figure 2.8

Further studies were performed using the high-power laser with 1 Watt of output
power at 1064-nm wavelength. Approximately 400 milliwatts could be coupled to a
fiber, however additional losses due to the use of a high-power fiber optical isolator and
polarization control reduced the utilizable power to about 250 milliwatts. The setup
used for power and polarization control as well as fiber coupling is shown in figure 2.10l
An f = 5 mm ball-lens gave the best coupling efficiency without further beam shaping.
Additional fiber-optic and coupling losses reduced the available power in the waveguide
to roughly 80 milliwatts.

Using this pump source, a two dimensional power plot was measured by varying both,
pump and signal power. The result is compared to the modeled pump and signal power
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Figure 2.10.: Klastech Senza 1-Watt pump laser [45]. (a) Power and polarization control
and fiber coupling scheme. A polarizing beam splitter (PBS) is used to
control the output power by rotating the first half-wave plate (HWP). The
second HWP, together with a quarter wave plate (QWP) are used to adjust
polarization. (b) Corresponding photograph.
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Figure 2.11.: Two-dimensional plot of generated idler power as function of coupled pump

and signal powers. Left: calculated profile, right: measured profile with
deduced waveguide-internal power levels.
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dependence of the idler in figure 2.TT1

2.3.3. Wavelength Characteristics

Sample temperature may be changed in order to tune the phase-matching wavelength
in a waveguide of fixed periodicity. The change in temperature leads to a change of
the phase-matching term (equation (LI7)), due to material dispersion according to a
Sellmeier-equation [48] as well as waveguide dispersion, which was approximated by

neff (/\,T) =NLN ()\, T) + §n ()\) s

where the material dispersion for LiNbOj is considered by npy (A, T) and the waveguide
mode dispersion by dn (A). Waveguide mode dispersion was evaluated using FOCUS
[I7] for the NIR and MIR ranges. The result, compared to the peak wavelengths of
measured phase-matching curves, is shown in figure It is demonstrated that using
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Figure 2.12.: Temperature dependence of DFG interaction due to waveguide dispersion,
using a 1064-nm pump, in the 1550-nm signal wavelength range. The
lines represent the calculated phase-matching evolution for different poling
periodicities, while the symbols correspond to actual measurements.

a 1064-nm pump, the complete tuning range between 1500 and 1600 nm of a telecom-
band ECL is accessible by choosing the appropriate poling periodicity and temperature.
This corresponds to the generation of DFG-wavelengths in the range between 3176-nm
and 3660-nm wavelength, using a 1064-nm pump.

The calculated phase-matching curves deviate by about 20 nm from the measured
values at the given temperatures. Possible contributing factors to the deviations may be

e absolute temperature of the sample due to imperfect temperature controllers
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e fabrication tolerances (e.g. waveguide width variations, grating inhomogeneities)
e absolute wavelength accuracy of the lasers used in the experiments

e imperfections of the waveguide dispersion model (the Ti-indiffusion profile, temper-
ature dependence of waveguide mode dispersion, as well as the Sellmeier equation
used to calculate material dispersion, all play a role).

It is, however, obvious that the general trend of the calculated curves is reflected in
the measurements. The measurement in the waveguide with A = 26.95 pm exhibits an
anomaly at 200°C. In retrospective, it may well be that a higher order mode combination
was excited unintentionally. Calculations and previous measurements have shown that
higher order mode combinations with significant mode overlap are always to be found
at shorter wavelengths, compared to the fundamental mode combination [13].

2.3.4. Output-Power Stability

The temporal stability of the device was also examined. Stable MIR output power could
be shown with a maximum of 3 % variation about the mean value during the first 1000
seconds in a measurement shown in figure 2.13. After 1000 seconds or so, however,
output power reduces steadily. In the inset, an additional measurement is shown, which
was conducted at another point in time. Here, a maximum variation of 4 % about the
mean was observed over a period of 2800 seconds. This is a clear indication that the
instability arises mainly due to mechanical vibrations and drift in the fiber coupling
arrangement.

Additional contributions may arise from temperature variations in the sample as well
as photorefractive effects, leading to variations in the phase-matching characteristics and
conversion efficiency due to refractive index fluctuations in the waveguide. Clearly, am-
plitude noise of pump and signal sources directly contribute to the noise of the generated
radiation.

The sensitive coupling condition, where radiation at two different wavelengths are
coupled to an asymmetric waveguide with depth-shifted modes, leads to stringent re-
quirements on mechanical tolerances. The stability measurement shows how critical a
robust and stable fiber coupling mechanism is. In order to improve stability, one could
think about:

e Fiber butt-coupling the ferrule to the end-face (possibly using high-temperature
UV-cure and/or damage resistant waveguides at RT). This has not been done
due to lack of adequate UV-cure. Possible damage resistant waveguides could be
LiNbO3 X-cut ridge waveguides, which were recently investigated by Gui [49].

e Using highly symmetric waveguides with symmetric and centered modes, with
a higher translational tolerance of the mode overlap integrals and thus coupling
efficiencies (see above).

e An active piezo fiber positioning system, using an output-power controlled feed-
back loop (a highly sophisticated setup would be necessary, however).
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Figure 2.13.: DFG stability measurement. In the main graph, stable output was achieved
for 1000 seconds, after which a degradation is observed due to thermo-
mechanical instabilities. In the inset, 2800 seconds of stable operation was
recorded at a different time.

2.4. Summary

Output powers above 10 milliwatts of 3.4-um radiation and external conversion efficien-
cies above 10 %/W (normalized to the fiber-coupled pump power) were demonstrated by
DFG in Ti:PPLN waveguides. The internal efficiencies are significantly higher, because
waveguide-coupling losses reduce the external efficiency. The internal conversion effi-
ciency, which was above 58 % /Watt, is comparable to what Asobe et al. demonstrated
in Zn-doped ridge waveguides [30]. They reported 65 milliwatts of output with 444 mil-
liwatts of pump, and 558 milliwatts of idler coupled to the waveguide, corresponding to
a conversion efficiency of 26.2 %/W; however, reflection and filtering losses of the idler
beam are not included, so the internal efficiency should be larger than 40 %/W in their
case. Also, the waveguide was just 38-mm long with an estimated loss of 0.13 dB/cm
in the MIR. This is a clear indication that indeed, the mode overlap of NIR and MIR
modes is improved in ridge waveguides, compared to Ti-indiffused ones. They report a
low-power conversion efficiency of 35 % /W and quantum efficiency of 46 %.

Instantaneous tunability of around 5 nm in the MIR range could be achieved, limited
by the phase-matching bandwidth. The bandwidth may be increased by either short-
ening the interaction length of a sample (using shorter waveguides), or by use of an
apodized grating, each at the cost of reduced conversion efficiency.

At 3.4-um wavelength, the only conventional and commercially available cw-lasers
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are, to my best knowledge, Lead-Selenide (PbSe) laser diodes, so DFG is an attractive
alternative. In fact DFG systems, based on bulk crystals [33] or waveguides [34] have
recently been commercialized for the 3- to 4-um wavelength range.
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3. Hybrid Up-Conversion Detector

The potential of up-conversion of radiation and subsequent detection was recognized
early on [5]. Bloembergen suggested to realize an infrared counter with an optical pump,
to up-convert radiation using a 4-level solid state system.

The principle of the hybrid up-conversion detector (UCD) is the same, however non-
linear optical frequency conversion is used to convert radiation to shorter wavelengths,
as depicted in figure B.Il At the shorter wavelength, detectors with favorable proper-
ties like high sensitivity and fast response times are available (e.g. Silicon or InGaAs
detectors).
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Figure 3.1.: Principle of SFG and DFG up-conversion detectors. The incident, long-
wave radiation (signal) is up-converted by frequency mixing with a short
wavelength pump. The generated photons are then collected by a suitable
photo-detector.

In this chapter, a competitive hybrid up-conversion detector, using Ti:PPLN wave-
guides, and NIR detectors, is presented; building on the previous two chapters. Up-
conversion using both SFG and DFG are demonstrated and experimental results, ad-
vantages and disadvantages are discussed in comparison to a conventional, HgCdTe (or
MCT), MIR-detector.

In case of the UCD, some modifications of the wavelength conversion setup are neces-
sary with respect to the DFG-MIR source, although the operation principles are largely
identical. It should be clear that also the waveguide samples are identical in case the
same combination of wavelengths is used, with the exception of an additional pump re-
flection mirror - which is, by the way, not detrimental to MIR-generation by DFG using
the same sample. This means that, in principle, functionality may be exchanged and
even transceiver modules are a possibility.

In practice, sample parameters may be optimized for specific wavelength combinations.
Within the scope of this work, however, the wavelengths are fixed to the 1.1-pym, 1.55-
pm, and 3.4-pm ranges. In this way, phase-matching can be achieved with the same
samples for all three mixing processes used:
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e In the case of the DFG-MIR source:
wp — ws = w;, AB = B, — By — i — 3T, \, = 1064 nm, A\, = 1550 nm, \; = 3400 nm

e In the case of the SFG-UCD:
Wy +ws = wsp, AP = Bsp — Bs — Bp — QT”, Ap = 1550 nm, Ay = 3400 nm, Ay =
1064 nm

e In the case of the DFG-UCD:
wy — ws = wj, AJ = B, — By — B — 3T, \, = 1064 nm, A\, = 3400 nm, \; = 1550 nm

3.1. Theoretical Background

In the following, detector figures of merit are introduced in order to characterize mea-
sured UCD performance, and to compare with conventional MIR, detectors.

3.1.1. Basic Detector Figures of Merit

In case of the UCD, the overall (external) conversion efficiency determines the ultimate
sensitivity of the detector system. The overall conversion efficiency defined by

Ntot = ToptTini (31)

relates the incident MIR power to the up-converted power which reaches the detec-
tor. Here, 7., describes the transmission through all optical components, including e.g.
coupling efficiencies and fiber optic insertion losses through the spectral filtering appa-
ratus. The nonlinear conversion efficiency within the waveguide (‘internal’ conversion
efficiency) is given by 7,;. We can easily measure 7, directly, while the internal con-
version efficiency and optical transmission must be deduced from experimental data.
Note that 7, is a function of pump power, as 7,; is a function of pump power (at large
incident MIR-powers, comparable to pump power, pump depletion may in principle also
occur - I assume this is not the case). 7,,; necessitates a spectrally narrow input beam
suitable for waveguide coupling.
We now can define for the hybrid detector

1 1 S,Af1/?
NEPyp — . Ngp— L. 5817 (3.2)
Ntot Ntot R
where 1o
S, A
NEP = Tf (3.3)

is the noise equivalent power of the detector at the up-conversion wavelength (with
pump enabled), and NEPgp is the noise equivalent power in terms of incident MIR
radiation. NEP is discussed in terms of the the noise spectral density S,. R is the
detector responsivity at the wavelength of interest. For characterization purposes, a
lock-in amplifier with bandwidth A f was used to determine .S,, experimentally in terms
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of voltage, with [R] = V/W.

The figure of merit which is usually used to describe the performance of a detector is
the specific detectivity [50]
(AAf)'2
NEP ~’
which is normalized to the detector area A and the measurement bandwidth, Af. With

equation (B2), D* becomes
RVA

S

In order to determine D*, S, was measured using a Signal Recovery DSP7265 lock-
in amplifier at a given measurement bandwidth Af. D* can then be calculated by
plugging detector specifications into equation (B.1). In case of the hybrid detector, the
measurements are conducted with the pump enabled, as residual pump radiation is a
major noise contributor in a nonlinear-optical UCD. Thus, S,, is composed of intrinsic
detector noise, noise from electric circuitry, and noise due to residual radiation.

D* = (3.4)

D = . (3.5)

3.1.2. Up-conversion Detector Performance Estimation

In order to estimate the ultimate performance of a UCD in comparison to a conventional
detector, the ultimate specific detectivities D* of MIR and NIR detectors are considered
and discussed (using some standard detector theory), as well as the theoretical conversion
efficiency n,; of the nonlinear process.

Background-limited Detectivity

The following discussion is based mainly on [51]. At room temperature, MIR photo-
detectors are limited by thermal recombination of charge carriers, which is why such
detectors are usually cooled during operation. In case of a cooled MIR photo-detector,
performance is limited by thermal background radiation due to the narrow band-gap. In
case of a wider band-gap material, thermal radiation has less impact and performance
is limited by other noise sources.

The noise current generated by a photo-detector is given by

5 > ksly

The factor u equals 2 for photo-diodes and accounts for equal contributions of electron-
hole generation and recombination to photo-current noise; in a photo-conductor, it is
usually assumed as 4. The elementary charge is given by e. G is the background-
dominated photogain which is set to unity in further considerations; () the quantum
efficiency, £, ) the photon spectral background irradiance. kp is the Boltzmann constant,
T, detector temperature, rq resistance and A detector area. The thermal generation rate
is given by gup.
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The latter two terms describe Johnson noise and thermal generation, and will be
neglected in further considerations. Johnson noise can be kept small in practice, by
selecting a large value of the product r¢A; and thermal generation may be minimized
by keeping the device depth as small as possible without reducing quantum efficiency,
according to [51]. The first term however describes noise due to background radiation
and is assumed to dominate in a cooled MIR detector. It may be rewritten as

/ NN Ega(\, T)dA = n0®p(\,, T) = nof,(\,, T)o, T3sin*(0), (3.7)
0

with the fractional blackbody photon irradiance ®p incident on the photo-detector, an
effective cut-off wavelength Xc, and the asymptotic value 7y of the quantum efficiency as
function of wavelength. o, = 1.5202 x 10* photons cm™? s~ is the photon equivalent of
the Stefan-Boltzmann constant, and © is the solid angle determined by the field of view
of the detector. f,(A.T) describes the fraction of photons in the blackbody radiation
field. In the case that AT' < 5000 um K, it may be approximated in analytical form by
51

£,OT) = % exp(—z) (1+ 2 + 27, (3.8)

with @ = he/(AkT') where h is the Planck constant. For the noise spectral density S,

follows
S, = 1/i2JAf = eGy\Jung®p(\,, T). (3.9)

If we express the (current) responsivity by

Ri()\) = GAZEA), (3.10)

equation (3.0) may be re-written as

n(A)A

Dipip(A,©) = |
Brip(A, ©) heu'/? [ng® (AL, Tb>]1/2

(3.11)

BLIP stands for background-limited performance. An ideal detector has unit quantum
efficiency. If we assume a 27 solid angle for the detector field of view, and room temper-
ature background radiation, we get the typical curves displayed in figure[3.21 In case of a
real detector, the wavelength dependent quantum efficiency must be considered, as well
as additional noise contributors. Still, real infrared detectors approach the fundamental
limit remarkably well [50].

Shot-noise - limited Detectivity

In case of photo-diodes in the NIR and visible wavelength ranges, the ultimate detectivity
is dictated by the shot noise limit. The output current of such a device is

P

[ =—
hl/(

1 — R)ne (3.12)
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Figure 3.2.: Ideal detectivity of photo-conductive / photo-voltaic detectors. A 0.01 mm?
detector at 1 Hz measuring bandwidth was assumed to determine D* for the

shot-noise limited detectivity.

where P is the incident optical power, v the optical frequency, e is the electron charge,
R is the reflectivity of the detector surface, and 7 is the quantum efficiency. The mean

square photon noise current is given by [52]

I?2 = 2eIAf

(3.13)

with a detection bandwidth Af. In that case, the SNR can be expressed as

SNR =1n(1 - R)

2hvAf’
from which the NEP can easily be calculated as
NEp — VAT
n(1— R)

According to equation (B4, the shot-noise limited D* becomes

(3.14)

(3.15)

(3.16)

(3.17)

A (1-R)n
Doy = ———A\.
SN Af  2he
If we consider an ideal detector with unit quantum efficiency and neglect reflection losses,
we get
A A
Diy =4 ——.
SN Af 2he
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Though mathematically sound, this definition is not very useful per se, because the spe-
cific detectivity D* was introduced as a figure of merit for infrared detectors, normalized
to the active detector area A and bandwidth Af. In case of shot-noise limited perfor-
mance however, the sensitivity is ultimately ascribed to the quantum nature of photons
and electrons, which is inherently independent of detector properties.

Equation (3.I7) is introduced here as a simple means to evaluate the fundamental
performance limits of NIR detectors, compared to MIR detectors. Keep in mind these
are for now hypothetical values, determined using simplified and fundamental theory.

Johnson Noise and Dark Current

NIR detectors are further limited by Johnson noise and dark currents (cp. equation B3.0]).
Johnson noise due to thermal agitation of charge carriers inside a detector with shunt
resistance R; is described by the variance [53]

4kgT
R

o5 = AF. (3.18)
Taking a shunt resistance of 1 Gf2, which is a realistic value for a 100 pym diameter
InGaAs photodetector [54], leads to a noise current in the range of 5 fA / Hz!/?  which
compares well to commercial InGaAs detectors. The NEP for a detector with roughly
1 A/W responsivity is thus reduced to about 5 fW/Hz!/2,
Dark current due to random charge carrier generation in the depletion region leads to
the term [53]
0% = 2elyAF. (3.19)

Assuming a dark current of 2 pA [55], this leads to noise currents in the range of
1 fA/Hz'/2, which is below Johnson noise.

Using phase-sensitive detection, shot-noise limited performance may however be
achieved [50].

Evaluation of Sensitivity Gain using Up-conversion

In table B.Il detectivities taken from figure [3.2] are given at a number of interesting
wavelengths, assuming either shot-noise limited performance or background-limited per-
formance of photo-conductive and photo-voltaic photo-detectors. A relative gain, con-
sidering the limiting case at the particular wavelength (shot noise limit or background
limit), is given relative to an ideal detector optimized for 3.4-um wavelength.

A drastic improvement in background-limited detectivity is apparent if we go from the
MIR to shorter wavelengths, assuming either thermal or shot-noise limited performance.
At shorter wavelengths however, the shot-noise limit restricts the maximum detectivity
to about 10" cmv/Hz W™, In effect, a theoretical improvement between 10% to 10° can
be expected when going to the shorter wavelengths. In reality, additional effects must
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|\ nm] || Dy [el22] | Dy, [t [ D, [emil22) [ Relative gain [dB] |

W W W
700 1.8 1016 1.6 10%2 1.1 10%2 45
800 2.0 106 2.8 1020 2.0 1020 46
1064 2.7 106 2.9 107 2.0 107 47
1100 2.8 106 1.5 107 1.0 10Y7 47
1550 3.9 106 5.1 10 3.6 104 30
3400 8.5 106 5.2 10" 3.7 101 0

Table 3.1.: Comparison of background limited (300 K, { > 1.1 pm) / shot noise lim-
ited (I < 1.1 pm) specific detectivities at different wavelengths. SN: shot
noise limited detector, PD: photo-voltaic detector (photo-diode), PC: photo-
conductive detector (SN limited performance assumed if it is lower than the
other values, cp. figure B3.2)).

be considered, and detector geometry comes into play, as discussed before. So consider
table [3.1] a rough theoretical estimation.

It is instructive, and in a way more sensible, to plot the noise equivalent powers
according to shot noise and background limited detector theory, as the NEP of a shot
noise limited detector is independent of detector geometry. See figure 3.3 for results.
Shot noise limited performance could in principle be achieved below around 1-pum wave-
length, depending on the detector geometry, and keeping the assumptions previously
made in mind. However, Johnson noise restricts the performance of InGaAs detectors
(at room-temperature) to the femtowatt-range per root bandwidth. At 1550 nm, an
NEP of about 13.3 fW/vHz was measured experimentally with the Femto-InGaAs
photodetector (using a lock-in amplifier, see section B.2.2]). With the MCT, an NEP of
14 pW/ vHz was measured, again using lock-in technique (see appendix [D] for details
on the MCT characterization). These are sensible values, because the InGaAs detector
has a diameter of 1/10 of the MCT detector. Assuming a limitation by Johnson-noise
in the InGaAs detector, and considering the different detector areas, this translates to
about a factor of 100 difference in detectivity.

According to equation (B.2)), the total conversion efficiency 7;,; must be known in order
to estimate the performance of a UCD detector. Consider the case of a lossless UCD
with optical transmission 7,,; of unity. We need to differentiate between SFG and DFG:

e In the case of SFG, maximum conversion efficiency (absolute) is reached when
100 % of all incident MIR photons are up-converted by mixing with pump radia-
tion. In terms of power, the ultimate conversion efficiency is given by the relation
of incident and up-converted photon powers:

hvsp  vsr AR

Ntot,maz = =
hvairr VMIR AsF

Taking A\y;p = 3.4 pm and Agp = 1.064 pm, this corresponds to a maximum
conversion efficiency of 319 %.
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Figure 3.3.: Comparison of mnoise equivalent powers [NEP] of shot-noise / back-
ground limited detectors. Different detector geometries were assumed for
background-limited detectors (see inset). Below 1-um wavelength, the con-
tribution from thermal background radiation drops below the shot-noise
limit.

e In the case of DFG, parametric gain is accessible with sufficient pump power.
For the time being, considering 100 % photon conversion efficiency, the power
conversion efficiency is given by

hvpp _ Vpr AMIR

Ntot,maz = h = )
VMIR VMIR DF

With A\pr = 1.55 pum this equates to 219 %. At higher pump powers, conversion
is enhanced due to parametric amplification and limited only by physical con-
straints. However, parametric fluorescence is also generated at the up-conversion
wavelength, which adds a DC offset to the signal, as well as parametric noise [56].

Conversion efficiency was again calculated as function of pump power for both cases,
considering waveguide losses as well as pump depletion, by numerical integration of the
coupled mode equations (LII)) (figure B4l The initial MIR power was set to 150 uW,
with an assumed coupling loss of -1.5 dB. The calculated efficiency peaks at 246.5 % at
600 milliwatts of pump in case of SFG - it is smaller than the unit conversion efficiency
of 319 % due to the waveguide losses. In case of DFG, considerable gain is evident
at coupled pump powers above 500 milliwatts and at 1 Watt of coupled pump, the
conversion efficiency surpasses 1000 %.

In reality, conversion efficiency is likely to be reduced due to waveguide inhomo-
geneities (e.g. width and depth along the interaction length) and inhomogeneities of the
periodic poling grating (e.g. varying duty cycle) due to fabrication tolerances, as well as
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Figure 3.4.: Calculated UCD conversion efficiencies (SFG/DFG), including losses. The-
oretically, a few hundred milliwatts pump power is sufficient for 100 % power
conversion efficiency. In the DFG case, strong parametric gain is apparent
when going to high pump powers.

photo-refractive damage effects (e.g. loss of phase-matching) at high pump powers. In
addition, the external conversion efficiency is reduced due to coupling losses and other
loss mechanisms.

Now, assuming a sensitivity improvement by two orders of magnitude (assuming a
Johnson-noise limited InGaAs detector), and 100 % nonlinear quantum efficiency, a

maximum improvement by a factor of about 250 can be expected using an SFG-UCD
compared to an MIR detector.

3.2. Up-Conversion Detector based on Sum-Frequency
Generation

In this chapter, the characterization of the up-conversion detector using Ti:PPLN waveg-
uides, which is based on SFG, is described in detail. A photo of the setup which was
used for characterization is shown in figure 3.5 The photo is applicable to the charac-
terization of both SFG and DFG up-conversion detectors.

3.2.1. Experimental Setup

A schematic of a UCD exploiting SFG is shown in figure B.6l Here, 3.4-pm radiation
impinging on the device shall be up-converted to the NIR. Bear in mind that only linearly
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Figure 3.5.: Experimental setup for UCD characterization. The HeNe-laser used as MIR
source, a reference laser diode, and the HgCdTe detector and MIR, camera,
which were used for further characterization and evaluation of the modules,
are visible. The beam paths are illustrated by the red reference laser beam.

polarized light can be up-converted due to the polarization sensitive conversion.
In comparison to the DFG-MIR source, we need to change the following:

e In this case we are mixing radiation of 3.4-pum wavelength with 1550 nm radiation,
using the ECL together with an EDFA as pump, to generate the SF at 1064 nm
wavelength. The 1064 nm pump of the previous setup is replaced by an NIR photo
detector.

e While the MIR beam is coupled into the waveguide from the free-space input, the
pump is again coupled from a fiber. Hence, a pump reflection mirror is needed to
reflect the pump at the free-space end face to enable co-propagating SFG.

e The SF-signal is routed through the 1064 nm port of the WDM to the detector.
e In order to achieve high signal-to-noise ratios (SNR), spectral filtering of the sum-

frequency signal before it reaches the detector is crucial.
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Figure 3.6.: SFG up-conversion detector scheme. Pump radiation from the tunable ECL
laser is amplified by the EDFA, in order to up-convert the 3.4-pm radiation
which is coupled to the waveguide. The generated SF is routed to the
InGaAs photodetector (PD). The pump reflection mirror is indicated by a
color gradient.

3.2.2. Results & Discussion of Detector Performance

In order to characterize the UCD for sensitivity (detector bandwidth shall not be taken
into consideration at the moment), according to equation (B.2]), the overall conversion
efficiency 7;,¢, which includes the internal conversion efficiency of the waveguide n,; as
well as overall transmission 7, of the hybrid detector components, must be determined.
Mot 18 given by the ratio of up-converted radiation reaching the photo-detector of the
UCD and MIR-power in the free-space beam, which was measured using the MCT
detector. The characterization setup is shown in figure B.8al

The photo-detector itself is a variable gain InGaAs PIN photo-receiver (type Femto
GmbH OE-200-IN2 [55]), with a maximum gain of G = 10! V/W at 1550 nm. Its
best noise performance is achieved at the maximum gain setting; the upper cut-off
frequency in this case is 1.2 kHz. The noise spectral density spectrum .5,, of the detector
was measured with the lock-in amplifier (figure B.7). The responsivity of the detector
must also be considered, because the same detector is used for different wavelengths,
depending on the up-conversion process (see also section B.3). In the SFG-UCD case,
the generated radiation has a wavelength of 1064 nm and the responsivity is reduced to
73% of the calibration value at 1550 nm wavelength.

The lock-in noise measurement reveals a noise floor of about 0.6 mV/y/Hz, corre-
sponding to a spectral noise density of S, = 13.3 fW/y/Hz at 1550 nm wavelength. At
1064 nm, the reduced responsivity of the detector must be taken into account, which
gives S, (1064nm) = 18.2 fW/+/Hz.
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Figure 3.7.: Femto OEC-200-IN2 noise spectrum at 1550-nm wavelength as function of
frequency. The spectrum was recorded by scanning the reference frequency
of the Lock-In amplifier, using the internal oscillator, and measuring the
dark voltage of the detector.

The UCD experimental setup scheme is shown in detail in figure 3.80. A HeNe-laser is
used as the MIR source at 3.39-um wavelength. The light is coupled into the waveguide
using a f = 15 mm ZnSe bestform lens. Two 1064 nm / 1550 nm WDM couplers are used
to separate the up-converted signal from pump radiation with an isolation ratio of -20 dB
each. The insertion loss of the WDM couplers is about 0.6 dB each, in addition to fiber
connector losses. A 1064-nm optical circulator, used in conjunction with a fiber-Bragg-
grating (FBG) centered at 1065 nm, is used to further isolate the sum-frequency signal
with more than 57 dB isolation from the pump. Moreover it will eliminate spurious
second-harmonic radiation of the pump at around 775 nm. The signal losses due to the
filtering amount to -3.7 dB.

In order to enable co-propagating SFG in the waveguide, a dielectric mirror was de-
posited onto the end-face of the sample. It consists of a Monte-Carlo optimized 14-layer
system of TiO, and SiO, layers. The two transmission dips at the pump wavelengths
for both, SFG- and DFG-UCD, are shown in figure B.9 The curve was measured using
a LiNbO3 witness sample.

The overall (i.e. external), low-power conversion efficiency (i.e. in the linear regime
of conversion) with sample Pb317z was found to be m,0rm = 44.5% at 166°C sample
temperature and 1553.7-nm pump wavelength, determined at an incident power level of
170 uW coming from the HeNe laser and just 1.15 milliwatts of pump before the WDM
coupler (wavelength filtering not used in this case). When the additional insertion losses
of the WDMs (ca. 0.6 dB plus fiber connector losses), coupling losses (about 1.8 dB
at 1550 nm, about 1.6 dB at 1065 nm and about 1.3 dB at 3.4 pum), as well as pump
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Figure 3.8.: (a) Characterization setup used to investigate the SFG-UCD. The three
mirrors were used to steer the MIR beam for alignment purposes. (b) De-
tailed view of the SFG-UCD, including the fiber-based wavelength filtering
scheme.

propagation and mirror losses (ca. 1 dB) are considered, this yields a normalized, internal
conversion efficiency of 7,1 norm = 262%. The uncertainty is quite large, at about 3.5 dB,
mainly due to coupling uncertainties.

At higher pump powers, the normalized conversion efficiency decreases. The mea-
sured power dependence of converted power is shown in figure BI0l In the left figure,
the external power is given, again adjusted for pump filtering losses (not considered
here). In the right figure, the waveguide-internal power levels were deduced. The cou-
pling coefficients were varied between -1.8 and -3 dB for pump, and -1.6 and -3 dB
for sum-frequency (signal) radiation, and between -1.3 and -5 dB for the MIR beam,
in order to approximate lower and upper bounds for the internal conversion efficiency.
This considerable variation of the coupling coefficients was assumed because multi-mode
behavior of the waveguide, the taper structure, and the mirror, as well as instabilities in
the modal structure of the HeNe laser, all contribute to complicating the determination
of the ‘true’ coupling coefficients for an individual waveguide sample.

A marked reduction in conversion efficiency is evident at higher power levels, which
is in principle in agreement with theory; however, instability effects (especially of pump
polarization with EDFA power) could lead to a slight distortion of reality. Also, at pump
powers considerably above 500 milliwatts, a pronounced deterioration of efficiency was
observed over short periods of time (within seconds) - after reducing pump power back
to about 500 milliwatts, the efficiency was recovered within a comparable timescale.
This is a clear indication of an ‘optical damage’ effect due to photo-refractivity [29).

With the aforementioned pump filtering scheme, the additional noise contribution due
to pump radiation and the second harmonic thereof was found to be negligible. Fiber-
optic insertion losses imposed by the filtering components were determined as 3.7 dB due
to the circulator plus FBG, and 1 dB due to the additional WDM. Plugging the noise
spectral density S, (1064 nm) = 18.2 fW/v/Hz and taking the total conversion efficiency
Mot = 6.15 % at 1 Watt of pump into equation B2 yields NEPyp = 0.3 pW at one Hertz
measurement bandwidth. In comparison to the MCT detector (NEPycr = 14 pW, see
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Figure 3.10.: Left: SFG-UCD power characteristics. Right: Corresponding waveguide-
internal conversion compared to theory, with lines representing calcula-
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assumed, due to modal instabilities of the HeNe-laser.

52



appendix [D]), this is an improvement by a factor of 48; however, the differing detector
areas must also be taken into account. The MCT has an active area of 1 mm? while
the fiber-coupled InGaAs detector has an area of just 7.85 - 1072 mm?. The ‘effective’
detectivity of the hybrid detector may now be defined as

and equates to 3.0 - 1010%5. In the case of the MCT, we had determined D* =

7.14 - 109%@. The effective improvement is thus reduced from 48 by a factor of 11.3,
so the (arguably) ‘real’ improvement of the hybrid detector over the MCT detector is
about 4.2 times higher sensitivity, using the setup shown (assuming background-limited
detector theory). Frankly, due to the acceptance angle of the waveguide coupling, and
due to the spectrally selective phase-matching process, there is some spectral and spacial
filtering going on which could, frankly speaking, be realized otherwise with a conventional
detector. If the waveguide mode size is taken as the reference detector area, the SFG-
UCD even performs by about a factor of 2 worse than the MCT in terms of sensitivity
(albeit using the InGaAs detector with a much larger area).
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Figure 3.11.: Qualitative comparison of the MCT detector and the SFG-UCD. A strongly
attenuated MIR beam from the HeNe laser was measured with each de-
tector. The attenuation was chosen so that the signal dropped below the
noise level of the MCT, and was subsequently reduced. In case of the MCT,
the absolute value was taken for plotting purposes, as the noise oscillates
around zero (signal amplitude is arbitrary).

Still, in a direct comparison, the UCD performs remarkably well. In figure B.11] a
time-resolved measurement of an MIR signal is shown at three different attenuation
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strengths. Starting at the highest attenuation in this case, a clear signal can be detected
by the SFG-UCD, while the MCT sees only noise (in fact, the absolute value was taken in
case of the MCT to allow the logarithmic scaling, because the voltage oscillated around
zero). With 11.5-dB less attenuation, the MCT sees the signal, which is still significantly
more noisy than the UCD one. With an additional 15.5-dB less attenuation, both signals
are essentially noise-free. A very slight drift is discernible in case of the UCD, due to
lower mechanical tolerance (i.e. waveguide coupling) in that case.

There is a potential of about 4.7 dB improvement of detector performance by replacing
the lossy fiber-optic components with an ideally lossless wavelength filtering scheme (cp.
figure B.12)). If the waveguide-fiber coupling losses could be eliminated - either by using
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Figure 3.12.: Optical spectrum measured at the 1064-nm output port of the WDM cou-
pler, measured with and without spectral filtering components, of the SFG-
UCD. Without filtering, residual pump radiation with a broad pedestal is
evident around 1500 nm; also, a second harmonic peak at 775 nm is evi-
dent. The ca. 5 dB excess loss due to the filtering components is evident.
Incident MIR power was 150 uW.

an optimized bulk optic coupling scheme, or by employing highly symmetric waveguides
- an additional 1.6 dB could be gained in out-coupling of the sum-frequency, and 1.8 dB
of available pump power could be gained. Also, the coupling coefficient of a TEMy, MIR
beam, as well as the nonlinear conversion efficiency could be improved by using more
symmetric waveguides. Assuming that the direct comparison of the UCD and the MCT is
valid, this would mean that a sensitivity improvement by a factor of more than 200 would
be reached, with less external pump power. In the ‘worst case scenario’ (taking the mode
size into account as the active detector area), an improvement by a factor of 2 would
be achieved. Also, pulsed operation with high peak powers and thus high conversion
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efficiency is a possible method to alleviate the problems with high pump powers and
corresponding optical damage effects. Optical damage-resistant waveguides, using e.g.
Mg- or Zn-doped [30] [57], damage-resistant LiNbO3 would be another option for high-
power operation. Asobe et al. have reported up to 46% quantum efficiency in case of
MIR-generation in such a ridge waveguide [30]; this would mean that the theoretically
predicted improvement would even be in reach with such waveguides. Finally, the use of
an alternative NIR-detector, e.g. a thermo-electrically cooled detector based on InGaAs,
could be used in the UCD to improve performance further.

Krier and Mao have demonstrated a detector based on InAsSbP on InGaAs [58],
sensitive in the 1.6- to 3.4-um wavelength region. They published a sensitivity of 1 -
1010%m at 3.2 um wavelength at room-temperature. Still, the current SFG-UCD
performs well in comparison. Temporao et al. [59] have investigated an SFG-UCD to up-
convert nanosecond pulses at 4.3-um wavelength, using a 980-nm pump, to 800 nm using
a bulk PPLN-crystal. With a nonlinear conversion efficiency of just nsrg = 5.06-1073%,
and using a Si-APD, they saw a sensitivity improvement by a factor of 180 compared
to a liquid-nitrogen cooled MIR detector (phase-sensitive detection not used). The
MIR detector was optimized for high modulation bandwidths - as opposed to ultimate
sensitivity - with a timing resolution of 20 ns and an NEP of 223 pW. Still, the Si-APD
would outperform with 0.3 ns timing resolution, using PPLN up-conversion.

3.3. Up-conversion Detector based on
Difference-Frequency Generation

In this chapter, the characterization of the up-conversion detector using Ti:PPLN wave-
guides and based on DFG is described in detail.

3.3.1. Experimental Setup

The experimental setup may be modified slightly to realize a DFG-based UCD. The
scheme is shown in figure B.13t
The changes compared to the SFG-UCD are as follows:

e The device is now pumped using a 1064-nm laser. The incident 3.4-um-radiation
mixes with the pump to generate a DF-signal at 1550 nm.

e The DF-signal is routed to the 1550-nm-port. After spectral filtering, it is detected
using the same photo detector as before.

The characterization of the DFG-UCD is analogous to that of the SFG-UCD in sec-
tion[3.2.21l The experimental setup is mostly identical to that of the SFG-UCD, however,
the wavelength filtering scheme is adapted to the exchanged wavelengths of pump and
up-converted radiation. In figure B.I14D the scheme is displayed. Here, a fiber-optic
circulator operating at 1550 nm, together with a (tunable) fiber-Bragg-grating with a
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Figure 3.13.: DFG up-conversion detector scheme. Pump radiation in this case is fixed
to 1064 nm. The DF at 1550 nm, generated from the incident 3.4-pym ra-
diation, is routed to the InGaAs photodetector (PD). The pump reflection
mirror is indicated by a color gradient.

center wavelength around 1550 nm are used in order to separate the up-converted ra-
diation from residual pump radiation at 1064-nm-wavelength (and the second harmonic
thereof at 532 nm).
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Figure 3.14.: (a) DFG-UCD characterization setup. (b) Detailed view of DFG-UCD,
including wavelength filtering scheme.

3.3.2. Results & Discussion of Detector Performance

Tunable pump power of up to 230 milliwatts at 1064-nm wavelength was available from
the Klastech laser [45]. The laser output power characteristics had to be thoroughly
characterized. The pump power dependence of the UCD, again both external (not
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considering wavelength filtering) as well as the deduced internal power levels along with

corresponding calculations, are shown in figure B.15]
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Figure 3.15.: Left: DFG-UCD power characteristics. Right: Corresponding waveguide-

internal conversion compared to theory, with lines representing calcula-
tions. The same assumptions hold as for figure 310

The onset of parametric amplification is not evident. Compared to the SFG-UCD,
at least the conversion scales approximately linearly with pump power. Conversion ef-
ficiency was calculated as well and the results are depicted in figure B.I6l At pump
powers above a few hundred milliwatts, the absolute conversion efficiency increases ex-
ponentially due to the contribution of the additional MIR-idler photons generated during
the up-conversion process by DFG.

Experimentally, a conversion efficiency of 6.24% at 230 milliwatts of external pump,
or 26 3—\0, normalized to pump power, was achieved (pump filtering not considered). The
fiber optic pump filtering scheme adds an additional signal loss of 3 dB. At the highest
pump power levels, parametric fluorescence [12] around 1550 nm was observed using an
optical spectrum analyzer, with power spectral density within the range of hundreds of
picowatts per nanometer. The measured fluorescence is strong enough to clearly resolve
the phase-matching characteristics of the device (figure B.I7]).

The fluorescence ultimately limits the performance of the detector, because it stems
from the same phase-matched interaction which is responsible for up-conversion and
detection. Consequently, it cannot be filtered spectrally - as opposed to pump radiation
- and thus adds a permanent DC floor to any up-converted signal. The DC-component
may be disregarded when using AC-coupled detection, however fluctuations in the flu-
orescent power adds additional noise even to the AC signal. It was found that the
spectral noise density of the InGaAs detector was thus reduced to S, = 24.3 fW/Hz'/?
at 1550 nm wavelength. (This figure could be improved to 19.8 fW/Hz!'/2 by using one
additional WDM, without net improvement due to additional insertion loss.)

Still, a NEP of 0.8 pW could be achieved at 1 Hz measurement bandwidth, which is
about a factor of 2 worse than that of the SFG detector. In direct comparison to the
MCT detector (NEP = 14 pW/Hz!/2), this is still an improvement by a factor of 17.5.
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Figure 3.16.: High-power calculation of conversion efficiency in the DFG-UCD. At pump
powers above a few hundred milliwatts, conversion efficiency proliferates
due to parametric amplification.

The improved sensitivity was directly verified by attenuating the beam below the NEP
of the MCT, at which power level it could still be clearly seen by the hybrid detector.
Taking the different detector areas into account, in analogy to the considerations in the
previous chapter, the detectivity gain (D;f p=11 1010%}6) reduces to a factor of 1.6.
Again, if the mode size is taken as the reference detector area, the UCD performs worse
than the MCT detector by about a factor of 5, in terms of sensitivity.

3.4. Additional Considerations

If we compare both versions of the hybrid UCD detector, namely SFG-UCD and DFG-
UCD, respectively; a number of factors should be considered. Keep in mind that the
waveguide samples used are identical, only the setups differ. Therefore, this comparison
concentrates on the aforementioned wavelength combinations. Factors which need to be
considered are:

1. Target wavelength of the up-converted signal,

2. detector sensitivity / responsivity at the target wavelength,

3. pump wavelength and power and implications for the up-conversion process,
4. quality of spectral filtering.

The wavelength of radiation, which is to be up-converted, can be modified by tuning
the pump wavelength - in principle, scanning of the pump wavelength can even be used
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Figure 3.17.: Parametric fluorescence spectrum of the DFG-UCD at 1550 nm, measured
at the output of the UCD with an Optical Spectrum Analyzer (OSA).
Harmful parametric fluorescence is observed in the DFG-UCD only, be-
cause it generates the same phase-matched wavelength combination which
are used in the DFG-process.

for spectral characterization of radiation, which has been demonstrated in the 1310 nm
range [60]. However, the phase-matching curve should be sufficiently narrow to achieve
ample spectral resolution.

The target wavelength (SF/DF) may be optimized for a certain detector type (e.g. so-
called single photon detectors, like APD’s, could be used), so that optimum sensitivity
is achieved. However, other aspects should also be considered. The mode overlap,
which contributes to conversion efficiency, worsens if the wavelengths involved are further
apart. Also, efficient and selective coupling to the fundamental modes is necessary at
all wavelengths involved in order to facilitate an efficient interaction as well as efficient
coupling to a single-mode fiber. Photorefraction needs to be considered especially when
short pump wavelengths are used (e.g. pumping in the visible range) [29].

At the desired pump wavelength, adequate radiation sources should be available, and
fiber coupling should be feasible for a waveguide based UCD. Output power should
be sufficiently high to enable a competitive conversion efficiency. In the SFG case, an
EDFA can be used to boost external pump power to well above 1 Watt. The power
available from the 1-Watt, 1064-nm pump for the DFG experiments was limited to
below 300 milliwatts due to fiber-optic coupling losses.

In order to measure a clean signal at the up-converted wavelength, residual radia-
tion (e.g. pump radiation and the SH thereof) needs to be eliminated before reaching
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the detector. In the experiments described, an InGaAs photodetecto was used. The
detector shows a relatively flat response characteristics between 1000 nm to 1600 nm,
with peak responsivity at 1600 nm wavelength. At 1064 nm wavelength, responsivity is
reduced to 73% of the maximum. Mainly the pump radiation, as well as the SH of the
pump, deteriorate detector performance severely if they are not removed. The effort to
spectrally separate the up-converted signal by a filtering scheme should be reasonable.
Essentially two different fiber-optic filter concepts were used. A fiber-optic circulator
together with a narrow-band fiber Bragg grating (FBG) is one option to isolate a specific
wavelength, typically with 60 dB suppression of residual radiation. Also, WDM filters
with around 20 dB - 25 dB suppression of either design wavelength can be used. AWGs
(arrayed waveguide gratings) are another possible option.

At first glance, the DFG-UCD has the additional advantage of parametric amplifica-
tion, which is inherent to the DFG-process. However, parametric fluorescence is also
a phase-matched process and adds a permanent noise-floor. Parametric amplification
as well as fluorescence are absent in the SFG-UCD. Also, the initial power-conversion
efficiency is higher, due to the generation of higher power photons. The responsivity
of the InGaAs detector is, however, slightly worse in the SFG-UCD due to the higher
power photons.

3.5. Summary

In the preceding sections, up-conversion based detectors for MIR radiation at 3.4-pum
wavelength have been presented using both SFG and DFG. For a given MIR wavelength,
the phase-matched wavelength of the up-converted signal is dictated by the process (SFG
or DFG) as well as the pump wavelength. To recapitulate, in the case of SFG, a pump
with wavelengths in the 1550 nm range was used to generate the SF signal at around
1064 nm. In the case of DFG, a pump with 1064 nm wavelength was used to generate
the DF signal at around 1550 nm.

With the SFG-UCD, a sensitivity improvement by a factor of 48 was seen experimen-
tally, by directly comparing the UCD to a reference MCT detector optimized for 3.4 pm.
If the detector area is taken into account (which was done by convention), the advantage
reduces to a factor of 4.2. Similarly, the DFG-UCD achieved a sensitivity improvement
by a factor of 23.2, which reduced to a factor of 2 by considering the smaller size of the
InGaAs detector. If the waveguide mode size is taken as the reference detector area, the
UCD’s actually perform worse than the MCT. This was concluded based on theoretical
considerations; the ultimate test would be to compare a MIR-detector with a detector
area comparable to the mode size of the waveguide, to the UCD detectors. Such an MIR
detector was, however, not available.

The main reason for the improved sensitivity in direct comparison is given by the fact
that the incident radiation is up-converted with a high spectral selectivity, so background
radiation poses less of a problem. However, additional advantages of the UCD-detector
are:

1The Femto GmbH OE-200-IN2.
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e Easy interfacing to fiber optic components (e.g. detectors and modulators) and

e availability of detectors with superior temporal performance (i.e. higher modula-
tion bandwidths are possible) than MIR~detectors.

The hybrid UCD may still be improved further. Main issues are the coupling efficiency
to the waveguide, which is less than ideal due to limited resolution of the MIR optics at
3.4-um wavelength. About 4 pum of (theoretical) resolving capacity was determined for
the best optics available in the lab, which is close to the mode-size of about 20 ym by
10 pm. Also, butt-coupling from the waveguide to the fiber is critical due to the different
wavelengths involved. These problems could be alleviated by using highly symmetric
waveguides with circular modes, for example using ridge waveguides or even photonic
wires [49, B0]. Alternatively, the fiber optic coupling and filtering scheme could be
replaced by a bulk-optic solution: in that case, coupling could be optimized for both
the in-coupling of pump radiation, as well as the out-coupling of up-converted radiation,
by using a beam combiner setup optimized for the two wavelengths. The filtering could
be realized using a wavelength selective prism or grating arrangement, as used in the
1310 nm up-conversion spectrometer [60].
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4. Absorption Spectroscopy using
Frequency Conversion

Fundamental (rotational-) vibrational transitions of molecules, for example with hydro-
carbon and hydroxyl bonds and respective compounds, can be excited by electromag-
netic radiation in the 3-4 pum wavelength-range ([13] and references therein). The MIR
wavelength-range in general is well-known as the fingerprint region, since resonant wave-
lengths are characteristic for any molecular species. While the absorption cross-sections
are large compared to overtone-transitions in the NIR and visible ranges, better ex-
perimental conditions (e.g. due to more sensitive detectors) at these wavelengths have
outweighed the stronger absorption in the MIR in industrial applications [61]. Conse-
quently, the development of DFG-based MIR-sources and of up-conversion detectors can
facilitate the extension of existing techniques to the MIR-range in order to exploit both
specialized instrumentation, as well as strong absorption cross-sections.

There is considerable interest in detecting molecular compounds in gases, liquids and
solids due to a number of applications where such constituents play a role [62]. The
following list does not claim to be exhaustive, but is intended to give an overview of
important applications where optical detection is useful:

e Combustion gas diagnostics [63]

e Trace gas monitoring (e.g. using satellite based spectrometers [64] or ground based
safety installations [65])

e Medical analysis [32]

e Quality control of foods and pharmaceutical products [66], 67].

Investigation by optical spectroscopy has proven to offer many beneficial aspects.
It can be fast [63], which is important when dynamics are investigated; specialized
techniques like frequency-modulation spectroscopy can make it extremely sensitive [53];
and it is highly selective due to the fingerprint-like absorption response of different
molecules, so the concentration of single constituents in a sample may be determined as
well as the composition of a sample. In addition, it allows contact-, destruction-, and
contamination-free investigations and facilitates sensing of remote samples in general.

There are numerous approaches to optical spectroscopy. In any case, information

in the form of absorption at selected wavelengths is gathered using suitable detectors.
Spectra can be measured using a broadband source (e.g. background radiation of the
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surface of the earth for remote sensing using satellites), in which case spectral filtering
with dispersive elements (e.g. using a grating spectrometer) is needed for wavelength se-
lectivity. In this case, both the inhomogeneous illuminating spectrum, for example from
a blackbody, as well as residual effects must be accounted for during data processing.

On the other hand, tunable laser sources may be used to perform spectroscopy
by tuning the laser wavelength over absorption features. In this case, wavelength
selectivity is intrinsically given. The spectral resolution of the measurement is basically
limited by the laser linewidth, which may be orders of magnitude smaller than that
of a grating spectrometer [53]. Lasers also opened new methods of spectroscopy: for
example, a number of nonlinear phenomena like Raman scattering may be exploited
for spectroscopic purposes. Also, pulsed lasers with pulse durations down to the
femto-second range can be used for time-resolved investigations at ultra-short time
scales [68].

There have been some very exciting efforts to realize DFG-based MIR-spectrometers.
For example, Weibring et al. demonstrated for the first time a high performance DFG
spectrometer on airborne platforms, mixing a 1083-nm pump with a 1562-nm tunable
signal source in bulk PPLN to generate 3.5-um radiation [69].

In [13], I already demonstrated that Ti:PPLN waveguides, pumped with (tunable)
diode lasers, are an excellent source for narrow linewidth, tunable MIR-radiation in the
3-pm wavelength range. Some results from that thesis are reviewed here to show the high
quality spectra obtained using a Ti:PPLN-based DFG-MIR source. With pump powers
in the milliwatt-range, and output powers in the microwatt-range, essentially noise-free
measurements were performed with lock-in technique and small time constants.

Within the framework of this dissertation, the application of Ti:PPLN based DFG-
MIR sources together with SFG-based up-conversion detection to the field of absorption
spectroscopy is demonstrated. MIR radiation is used to access the strong, fundamental
vibrational-rotational absorption bands of methane, with up to two orders of magnitude
stronger absorption bands than in the NIR. Using the quasi-phasematched, Ti:PPLN
based devices described in previous chapters, wavelength tuned MIR-spectroscopy of
methane was conducted. In the following section A1l a short review of absorption
spectroscopy is given. In the subsequent section 2] the foundations laid in [I3] are
reviewed, where DFG-MIR sources were used for MIR-generation and conventional MIR-
detectors were used for detection. In section [4.3] the addition of a fiber-coupled, SFG-
based up-conversion detector is demonstrated, realizing a MIR laser spectrometer which
relies on NIR-instrumentation only.

4.1. Basics of Trace Gas Spectroscopy

In the most basic form of laser absorption spectroscopy, radiation at a specific frequency
v is transmitted through an absorbing sample under investigation, e.g. a gas cell of length
L with an entrance and an exit window (as shown in the DFG-based spectrometer in

figure E.1]).
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Figure 4.1.: Absorption spectroscopy setup using conventional detection. Pump and
signal source for MIR-generation are the tunable ECL and the fixed-
wavelength, 1064-nm FBG-stabilized laser diode. An EDFA can be used to
boost signal power but was not used in absorption measurements. A beam
splitter is used to reflect 50 % of MIR-radiation to a reference detector for
power normalization. (Polarization controls omitted for clarity.)

The evolution of an initial intensity [y along a path L with a homogeneous gas com-
position is described by the law of Lambert-Beer according to

I(L)
Iy

where v = «; + 7 is called the extinction coefficient, and L is the optical path length.
a; = k;p; describes the absorption which is to be determined, with absorption coefficient
k;(A,T) and molecular density p; specific to a molecular species i. Due to broadening
effects of absorption lines, the absorption coefficient k;(A, T') can be a function of several
absorption lines itself. The coefficient 7 describes extinction from all other sources, e.g.
due to scattering, cross-sensitivities, etc.

If the wavelength-dependence of 7()\) is known, one method to determine «; is to
perform a differential absorption measurement at two selected wavelengths, so that

— exp (—L), (4.1)

1 I, 1,
~7 (ln T,; —1In T;) = (ay, +T,) — (uy + 70) (4.2)

Ideally, 7 is wavelength independent, so that 7, and 7,, cancel out in equation 1.2
In that case, we find the species mole fraction
Qyy — Qyy

(klll - kl/z) Ptotal 7

with the Boltzmann-constant kg, temperature 7', and total pressure P, of the gas
mixture under investigatio. The species mole fraction y; can now be determined, if

xi = kgT (4.3)

!The equation follows from the relation: o; = k;p; = k:iPikg%, with partial pressure P; of the absorbing
P;

Piotar

species. The species mole fraction is given by y; =
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the differential absorption coefficient k,, — k,, is known. The absorption coefficient is
in general a complex function of wavelength, pressure, temperature and gas mixture. It
may be obtained either from calculations (see e.g. [53]) using spectral databases like
HITRAN [70], or from calibration measurements [63].

4.2. Absorption Spectroscopy using DFG-MIR Source
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Figure 4.2.: Absorption measurement using DFG-MIR source and a MCT detector [13].
The ordinate shows the wavelength-dependent output power of the QPM
device, with absorption lines from pure methane (VMR of 1)at 55 mbar in
a 39.5-cm long gas cell (black line). A corresponding transmission spectrum
was calculated as well, using the HITRAN database [70] (red line).

The feasibility of using Ti:PPLN waveguides for MIR-generation for absorption mea-
surements was previously demonstrated in the Integrated Optics group Paderborn, using
conventional MCT detectors [I3]. Measurements can easily be normalized by splitting
the incident beam by employing a beam splitter and a reference detector, as shown in
figure .11

An ECL operating in the 1550-nm wavelength range was used as wavelength-tunable
signal source, with a fixed 1064-nm pump. In figure[d.2] the typical tuning characteristics
of a waveguide sample is displayed, with absorption from pure methane at 55 mbar of
pressure at room temperature. The gas cell was 39.5-cm long with CaFy Brewster-angle
windows. A corresponding absorption calculation was performed using line data from
the HITRAN database [70], considering pressure- as well as Doppler-broadening.
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Further normalization of measured spectra emphasizes the outstanding agreement
between measurement and calculation, as can be seen in figure

}\idler [“m]
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1.0

experiment
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05} VVR = 1
00 -. L " L " L
1545.0 1545.5 1546.0
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Figure 4.3.: Absorption measurement using the aforementioned setup. The reference
detector was used for power normalization of the spectrum. Transmission is
shown as function of methane content of the 39.5-cm long absorption cell,
with a VMR of 1 (i.e. 100% methane). Nearly total extinction is reached
even at 1 mbar of methane, at selected absorption lines [13].

For a practical application, the measurement could be restricted to a differential signal
between two discrete wavelengths; one with an absorption feature, and another spectral
position free from absorption. The mole fraction would be then determined according
to equation
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4.3. Absorption Spectroscopy using DFG-MIR Source
and SFG-UCD

The hybrid UCD now replaces the MCT detector [71] (figured4]). Here, signal radiation

........................
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Pump
;ggtg Filter
WDM N1
<« WDM
MIR
MIR absorp. SFG-
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Figure 4.4.: Absorption spectroscopy setup using an SFG-based up-conversion detector.
Radiation from the ECL is split using a 50:50 fiber-coupler. The second
output from the coupler is used to pump the SFG-based up-converter (UC),
which forms the UCD together with the NIR detector (an InGaAs detector
was used in this case). Pump power may be amplified by an EDFA if desired.
(Polarization controls omitted for clarity.)

is split using a fiber-based 50:50 coupler in order to distribute the power among the DFG-
MIR and SFG-UCD modules. An EDFA may be used to boost the power used to pump
the up-conversion detector, however it was not used for these measurements, due to
sufficient conversion efficiency of the modules to measure clear absorption spectra in a
laboratory environment. About 1.15 milliwatts external signal power were available for
each module, whereas the MIR~source was pumped with the 32 milliwatt FBG-stabilized
laser diode, giving about 4.6 uW of idler power. About 2 nW of up-converted power
could then be detected with the InGaAs detector.

Both modules had been temperature-tuned to match phase-matching conditions (see
chapter [l for a more detailed discussion on transmission characteristics in a largely
similar setup). With the setup shown in figure [£4] spectroscopy in the range of about
3.2-pm to 3.6-um wavelength may be performed, with an instantaneous tuning range
of 3.6 nm in the MIR (restricted by the phase-matching bandwidths). In the photo in
figure 4.5 the transmitter and receiver modules, as well as the absorption cell can be
seen. In the background, both MIR camera and MCT detector are visible (not in use);
the ECL used as signal source is also to be seen (the DFG pump source is blocked from
view).

An example spectrum is shown in figure .0l Periodicity and temperature were chosen
in such a way that the phase-matching wavelength coincided with a strong absorption
feature of methane. Again, the phase-matching characteristics of both, transmitter and
receiver modules, account for an envelope superposed with the pressure-broadened ab-
sorption lines. A single-pass gas cell of 28-cm length was used in this case. Normalization
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Figure 4.5.: Photo of absorption measurement setup using DFG-MIR generation
and SFG-UCD. MIR radiation is coupled from transmitter- to receiver-
waveguide (pump and signal radiation are blocked using a Ge-filter).
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Figure 4.6.: Methane absorption measurement, using DFG-MIR generation and the
SFG-UCD. Normalization was done by subsequently measuring the phase-
matching curve with and without the absorption cell (note that different
measurements are shown, however at the same spectral position).
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was also realized, in this case by subsequently measuring the transmission characteris-
tics with and without methane absorption. Due to slight instabilities in the setup, of
mechanical nature as well as due to slight drifts of the sample temperatures, perfect
normalization was not achievable. However, there is potential to improve stability and
the normalization technique, so this is not a fundamental problem but a practical one.

The attractiveness of this concept is twofold. The flexibility of DFG can be exploited
to tune the MIR radiation to a desired wavelength, e.g. to a specific absorption feature
free of cross-sensitivities. On the receiver side, the exceptional sensitivity of the UCD
can be fully exploited, using wavelength-matched, nonlinear modules. The spectrally
selective properties of the UCD are nearly ideal for laser spectroscopy. In addition,
fiber-optic technology can be employed, operating in the NIR. This could be potentially
interesting considering a concept presented by Culshaw et al. [65], who developed a
detection scheme exploiting the 1.67-pum absorption band of methane. Optical fibers
were used in this case to distribute radiation to several measurement sites. Combining
both, a fiber-optic network, and the DFG-MIR source and SFG-UCD, could improve
sensitivity while retaining the flexibility of a centralized supervision scheme.

4.4. Frequency Modulation Spectroscopy using DFG
Source and SFG-UCD

Advanced spectroscopic techniques might as well be used. In [13], for example fre-
quency modulation spectroscopy was demonstrated using the DFG-MIR source with
conventional detection using the MCT detector. The technique can be transferred easily
to the setup previously described. In this case, the ECL was frequency modulated with
a modulation depth of ca. 800 MHz (corresponding to ca. 60 pm in the MIR). The
setup is drawn in figure [4.71

Due to the modulation of the laser wavelength, the measured signal is proportional
to the slope of the measured curve. Using this technique, the center of the absorption
peaks can be easily made out at the zero crossing. Also, the technique is less susceptible
to amplitude noise due to the kind of phase-sensitive detection used.

A measured spectrum is displayed in figure 4.8l A slight impact of the phase-matching
characteristics is noticeable. A transmission spectrum of a DC measurement is superim-
posed with strong absorption features of methane. Evidently, the amplitude corresponds
to the slope of the transmission measurement, and fine absorption features are easily
located.

4.5. Summary

Within the scope of this thesis, a spectroscopic setup for molecular absorption spec-
troscopy in the 3-um range was realized, based solely on NIR instrumentation (lasers,
detectors, fiber optics). The results were achieved building on previous work done
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Figure 4.7.: Frequency (or wavelength) modulation spectroscopy setup using an SFG-
based up-conversion detector. The ECL is frequency modulated by piezo-
control, using a sine-wave from a function generator. The modulation fre-
quency is used as input for the lock-in amplifier.
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Figure 4.8.: Wavelength (or frequency) modulation spectrum of methane, using DFG
source and SFG-UCD. The wavelength-modulated spectrum, with about
30-pm modulation depth in the MIR, is superimposed over the measured
transmission spectrum (broken line). A calculated spectrum is also given.
Pressure was 1 atm with a VMR of 2.5% of methane.
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by Wiegand [14] and myself [13]. The concept of DFG based spectroscopy with up-
conversion detection using waveguides was verified for the first time by Wiegand. Her
results could be improved mainly by integrating the pump-filtering schemes for up-
conversion detectors, which were presented in chapter [3] into the experimental setup
developed by Wiegand. Investigation has shown that pump and signal powers in the
milliwatt-range are sufficient as well for MIR-generation as for up-conversion detection,
at least in the laboratory, in order to conduct MIR absorption spectroscopy. Powers can
easily be increased by using a high power pump source and signal amplification using
an EDFA to pump the DFG-MIR source (chapter 2)). Also, an EDFA can be used in
order to improve detection sensitivity of the SFG-UCD, up to what was presented in
chapter Bl

The detection sensitivity was not determined, because it depends on a number of
factors, such as the spectroscopic technique which is used, output power stability, etc.
As the primary goal of this work was not to develop a highly sensitive trace-gas detec-
tion device, only little work was spent on developing a competitive spectroscopic setup.
However, it may be estimated that the dynamic range of the InGaAs detector is about
85 dB at a gain setting of 10*. According to the data sheet, 1 milliwatt of power would
roughly saturate the detector in this case. This means that an absolute minimum mod-
ulation depth of 2.6 107 could still be detected, assuming a linear detector response up
to saturation. About 16 milliwatts of MIR power would be necessary to roughly saturate
the detector, using the SFG-UCD with 1 Watt of pump. Theoretically, it would then be
possible to measure methane concentrations much below 1 ppb / Hz'/2 (ppb = parts per
billion) with 1 meter of path length in an absorption cell, using the strongest absorption
line of methane at 3260.2-nm wavelength. In practice, considerable effort is needed to
achieve these figures. For example, radiation power should be highly stable and active
stabilization methods might be necessary. Methane detection sensitivities in the range
of tens of ppb / Hz!'/? were reported previously, using DFG-based MIR. spectroscopy
[72).

The measurements using the up-conversion detector are somewhat more noisy, due
to reduced mechanical tolerance of the setup - compared to the MCT-based DFG-
spectrometer, for example - because of the sensitive coupling to the receiver waveguide
and fibers. Also, the means to develop a scheme for near real-time normalization of the
absorption measurements were not available. These are mainly practical issues which
can be resolved in a stationary setup used for spectroscopy (e.g. using galvo steer-
ing mirrors, the beam path could be switched at high frequency to realize a reference
beam path, in addition to the measurement path, in order to realize normalization).
In turbulent environments (considering combustion diagnostics, for example), the small
waveguide dimensions will invariably present an additional noise source compared to a
larger area detector - although, as will be explained in the following and last chapter
(also in appendix[El), the optical effect of turbulence on MIR radiation is small compared
to NIR radiation.

Frequency modulation spectroscopy could also be verified using the SFG up-conversion
detector. Due to the zero-crossing at the center of an absorption line, this technique
could for example be useful for absolute wavelength calibration of a DFG-based MIR
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laser, using a reference gas cell.
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5. Free-space Optical Transmission in
the MIR using Wavelength
Conversion

We are living in the information age, where the better part of the world’s population is
gaining access to numerous streams of information, through radio, the telephone, televi-
sion, and the Internet. The backbone of the Internet is formed by optical fiber networks,
which exploit the tremendous bandwidth at optical carrier frequencies. Charles K. Kao
was awarded one half Nobel prize in the year 2009 for his own, quote, “groundbreaking
achievements concerning the transmission of light in fibers for optical communication”
[73] during the 1960ies.

Figure 5.1.: Illustrated free-space optical links between land, air and space based sys-
tems.

Apart from fiber-optic networks used mainly for long-haul transmission of data, there
are last-mile transmission systems using copper cables and electrical data transmis-
sion, or even glass optical or polymer optical fibers for optical data transmission. All
these technologies rely on the installation of stationary cables. In the case that such
installations transpire to be impractical or undesirable, the use of free-space optical
(FSO) transmission systems is an alternative (radio-frequency (RF) transmission, like
the IEEE 802.11 wireless local area network (WLAN) standard uses [74], is another).
In principle, the large bandwidth of fiber-optical communication technology is retained
when FSO transmission systems are employed, so transmission capacities with Gbps-
bandwidth, and even WDM (Wavelength Division Multiplexing) systems are feasible for
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increased capacity or added redundancy. The collimated optical beam used in such a
system, stemming from a coherent source with low beam divergence, features an intrin-
sically high directivity and eavesdropping resilience. From a technical point of view, a
FSO system can easily be designed using standard telecommunications and fiber-optical
components. Even quantum key distribution has been demonstrated using FSO trans-
mission [75].

Possible applications for FSO systems are numerous. For example, individual build-
ings in on-campus or factory premises can be integrated into local area networks (LAN)
using FSO transceivers. Applications with high requirements on mobility, for example
in temporary disaster situations, are also thinkable. Obstacles like rivers or streets can
easily be by-passed using roof-to-roof FSO links [76]. Even integrated space—terrestrial
networks, with optical links between satellites, ground, and aircraft have been proposed
and verified experimentally [77], which has been illustrated in figure B.11

In consequence, there is a rapidly growing market for free-space optical transmission
systems, due to its flexibility and versatility. Most such systems operate in a wavelength
range between the visible (>600 nm) and the communications band of fiber optics
(<1600 nm) [78, [79]. The choice of wavelength depends on considerations of practi-
cability, where economic and physical constraints should be addressed. For example,
a suitable radiation source and corresponding optics must be available in the chosen
wavelength range, as well as a modulation scheme with sufficiently high bandwidth for
the design bit-rates. The system should be easily integrable into an existing, fiber-optic
or wire-based network. Eye-safety requirements must be adhered strictly. In addition,
wavelength- and distance-dependent impairments of the beam carrying the data bits
need also be considered, with the application at hand in mind. As an example, clear-air
turbulence as well as boundary layer turbulence will impact a link between a satellite
and an aircraft [77].

It was found that, on the one hand, wavelengths in the MIR are favorable for certain
FSO transmission regimes, and FSO transmission systems using QCL transmitters and
MIR detectors were investigated. Aellen et al. used a 4.6-um QCL together with an SFG-
based UCD and a Si-APD detector as a feasibility study for Quantum Key Distribution
(QKD) in the MIR [80]. They claimed that, in a calculated scenario with reduced
visibility conditions due to fog, link performance is barely affected at 4.6-pum wavelength,
whereas a system operating at 780-nm wavelength would simply fail to work.

On the other hand, coherent detection schemes offer potential benefits, because
phase-distortion and fading effects due to atmospheric turbulence and multiple-access
interference can be mitigated [77]. In that case, it is beneficial to be able to access
integrated electro-optical technologies developed for the communications bands in the
NIR, like heterodyne transmitters and receivers operating in the conventional optical

C-band (1530-1565 nm) [81].
Within the framework of a project conducted in cooperation with the University of

Stanford, CA, and CeLight, Inc., FSO data transmission experiments were performed
using nonlinear optical wavelength conversion from 1550-nm wavelength to 3.8-um wave-
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length, and back to 1550 nm. Free-space transmission of a Non-Return to Zero Quadra-
ture Phase-Shift Keying (NRZ-QPSK) modulation scheme with a bitrate of 2.488-Gbit/s
was demonstrated in the laboratory with a modest Bit-Error Rate (BER) penalty.

At around 3.8-um wavelength, a transmission window exists in-between molecular
absorption bands of CO5 and water vapor. In addition, the harmful effects of scattering,
as well as refractive index fluctuations in the atmosphere, become less pronounced with
longer wavelengths (however, an actual performance estimation of such a system requires
careful calculation, due to the accumulation of effects over the transmission distance [1]).

In the next section, the physical phenomena that hamper transmission are introduced.
In appendix [E] the theory is discussed in somewhat more detail and example transmis-
sion calculations using a model atmosphere are presented. Continuing in this chapter,
characterization results of the nonlinear optical wavelength converters are presented; in
analogy to the previous chapters 2l and Bl Experimental results, using these modules
for FSO transmission through a wind tunnel simulating turbulent boundary layers of air
at varying temperature, are discussed and references to additional published data are
given.

5.1. Atmospheric Transmission Impairments

In order to take into account the multitude of effects the atmosphere exerts on radi-
ation, or a coherent beam of light in particular, a number of theoretical models have
been developed in the past to predict atmospheric transmission [82]. However, in order
to accurately predict the transmission of radiation on a predefined path, a number of
parameters must be known, for example the constituents of air, the density distribution
of the air mass above the surface of our planet earth, the temperature distribution, etc.
Standard atmospheres have thus been defined - for example the U.S. Standard Atmo-
sphere [83], the ICAO (International Civil Aviation Organization) Standard Atmosphere
[84], or the International Telecommunication Union ITU-R standard [85] - for the pur-
pose of providing comparative models to communities like scientists and engineers.

Using the data provided, the transmission of a beam carrying data, for example orig-
inating from a satellite, traversing the different layers of the atmosphere, and impinging
on a telescope at the surface of the earth, can be predicted. It is well known that optical
transmission through the atmosphere is impaired by a number of phenomena, including
[36]

e absorption: caused mainly by water vapor and trace gases, like carbon dioxide

(Coz);

e scattering: due to atmospheric particles, like dust or large molecules (smog), as
well as smoke, mist, fog, rain, hail, and snow;

e scintillations and beam wandering: caused by temperature and thus refractive
index fluctuations of air masses / turbulent eddies (optical turbulence);
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Figure 5.2.: Wavelength dependence of atmospheric attenuation, considering absorption
as well as scattering, along a 10-km long horizontal path through clear at-
mosphere [87].

e as well as beam divergence / spreading due to finite apertures and aforementioned
impairments.

In a realistic atmospheric transmission model, all of theses must be taken into account.
Consequently, the wavelength of light should be chosen in such a way that the contribu-
tion of each to transmission impairment is kept low; i.e. bit error rates should be kept
as low as possible and the availability of the FSO link should be maximized. Several
transmission windows exist in the visible and MIR, where molecular absorption lines are
absent. Especially scattering, however, leads to considerable attenuation of light at short
wavelengths - simply consider the scattering especially of blue light in the atmosphere,
leading to its familiar coloration. Also, scintillation by index fluctuations in air, which
induces distortions of the wave fronts of an optical beam, have much less effect at longer
wavelengths (albeit the accumulated effect must be considered, which has some addi-
tional implications; see appendix [E]). Beam divergence must also be taken into account,
as well as background radiation of the earth - these are effects that restrict radiation
to shorter wavelengths, approximately below 4 pym. A suitable transmission window is
thus found at around 3.8 pm.

See appendix [El for common mathematical treatments of each phenomenon, as well as
exemplary transmission calculations. One straight-forward result is seen in figure (.2
Atmospheric scattering causes strong attenuation at short wavelengths, whereas molecu-
lar absorption is distributed broadly due to the multitude of molecular absorption bands.

Of course, additional impairments, e.g. due to obstacles like mountains, buildings or
even aircraft, may be present in reality.
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5.2. Down- and Up-Conversion for Free-Space Optical
Transmission

In the previous section, the use of MIR-radiation for FSO data transmission was mo-
tivated through the introduction of optical effects in the atmosphere. A wavelength-
dependent investigation of which reveals a number of advantages in going to the MIR,
although the effort is rather high due to technological challenges and increased beam
divergence in case of an MIR transmission system. In principle, MIR lasers, namely
QCL’s, may be used for FSO transmission systems. They show potential for consider-
able modulation bandwidth with theoretical limits of several hundred GHz and output
powers in the milliwatt range [88].

The advantage in going to a system which uses non-linear optical frequency conversion,
however, is given by the facts that nearly arbitrary wavelengths can be accessed, and
standard optical communication technology can be employed for modulation purposes.
Also, a hybrid UCD as described in chapter [3] can be used for efficient detection and
signal processing. For example, coherent detection can be used together with non-linear
frequency conversion, as amplitude and phase information is preserved in the nonlinear
wavelength conversion.

Consequently, hybrid transmitter and receiver modules were developed using Ti:PPLN
waveguides and non-linear optical frequency conversion from 1.55-um to 3.8-um wave-
length and back. As mentioned, LiNbOj is a suitable QPM material for wavelength
conversion involving 3.8-pum radiation, and the thermal background from the earth is
small at this wavelength. A 1100-nm pump laser was used in order to generate the MIR
radiation through the DFG process, and to re-generate 1.55-pum photons in the receiver
for detection. This scheme is depicted in figure [5.3]

PPLN Substrate 11-Diffused
Waveguide 3.8 ym

T Apm 1.1 pm Transmission Line 1{1:‘"" 1.1-pm
Pump le =N Pump

| () ¢ 7  m—
C-band | PM-Fibers 0 L\/\)’ i 0 WDM C-band
Signal [coupler, Transmitter [Receiver  coupler] Detector
Source | 1.55 ym 1.55 ym

Dielectric Mirror

T-Stabilized Oven (Receiver only)

Figure 5.3.: Free-space optical transmission line in the mid-IR using frequency down-
and up-conversion in Ti:PPLN waveguides. The transmitter and receiver
modules are similar to the ones described in foregoing chapters, however
polarization maintaining fiber components were used, and an 1100-nm pump
to generate 3.8-um radiation.

The input signal can be provided by any communication laser operating at 1550-nm
wavelength. It is superimposed with the 1100-nm pump radiation using a polarization
maintaining WDM coupler fabricated by AFW Technologies Pty. Ltd. As the modules
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Figure 5.4.: Power characteristics of the FSO transmitter module, showing that about

25 milliwatts of idler power can be generated with 200 milliwatts of both

pump and signal power. An 85-mm long waveguide was assumed for mod-
eling.

operate on TM-polarized modes, the input signal must be linearly polarized in order for
the wavelength conversion to function at the specified phase-matching wavelength.

Again, the waveguide internal power characteristics were calculated for the transmitter
module, assuming an interaction length of 80 millimeters. The expected output power
as function of pump and signal powers is shown in figure (.4l The calculation shows
that, using moderate pump and signal powers in the range of hundreds of milliwatts,
tens of milliwatts of MIR power can be generated.

5.2.1. Experimental Setup

Before setting up a FSO transmission line, the transmitter and receiver modules were
characterized individually. A common phase-matching wavelength was then selected by
choosing appropriate waveguides and temperatures for each module.

The experimental setup used to characterize the individual modules / samples is
similar to that described in chapter 2l (figure [(.H). The 1064-nm FBG-stabilized laser
is replaced with a KOHERAS AMPLIPHOS 1100-nm fiber laser with an integrated
amplifier. The output from the laser, in this case, is a linearly polarized, free-space
beam collimated from a high-power single-mode fiber, so a fiber-coupling arrangement
was used in order to couple the pump radiation to the respective WDM-port with a
f = 10 mm lens.

Also, as polarization-maintaining (PM) PANDA-fibers were used in the communica-
tion experiments, the correct polarization for the pump beam was set using an AR-coated
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Figure 5.5.: DFG power characterization setup for FSO transmission modules, using po-
larization maintaining (PM) fibers. The linearly polarized free-space beam
from the KOHERAS pump laser was aligned using a HWP, before coupling
to the PM-fiber.

half wave plate (HWP) in the free-space beam, before coupling to the pm-fiber. A FSO-
isolator was used in order to suppress excess back-reflections from the fiber in order to
ensure stable pump operation. As signal source, a PM-ECL was used in this case; ad-
ditional amplification could be provided by a PM-EDFA amplifier (omitted for clarity).
Characterization results are given in the next section.

For the FSO transmission line characterization (figure 5.6), both modules were oper-
ated with the same pump, by splitting pump radiation using a polarization beam splitter
(PBS) (this was done for convenience, because a single high-power pump was available;
in principle it is not necessary to use the same pump for both modules). A signal at
1550 nm, coming from an ECL, was fed into the transmitter module. The signal was
down-converted using the 1100-nm pump, generating 3.8-um radiation coupled to free
space using a f = 8.3 mm CaF, lens. The power distribution could be set by another
HWP in front of the PBS; however, a 50:50 ratio proved to give the highest overall
transmission through the system. In case of the receiver, a pump reflection mirror was
deposited onto the sample end-face, similar to the mirror described in chapter 3l The
mirror characteristics, measured on a witness-sample, are shown in figur 5.7

5.2.2. Free-Space Transmission-Line Characteristics

The sample of the transmitter module was 83-mm long; the sample of the receiver was
about 82-mm long. The samples were housed in an 80-mm-long, temperature stabi-
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Figure 5.6.: Left: FSO transmission experiment using nonlinear wavelength conversion.
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Figure 5.7.: Dielectric pump-reflection mirror of the receiver sample, which reflects pump
radiation at 1100 nm, and transmits 3.4-pm radiation.
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Figure 5.8.: Photo of the fiber-coupled transmitter sample in a temperature stabilized,
heated Cu sample holder, operated at up to 200°C.

lized sample holder which could be heated to above 200°C in order to suppress harmful
photo-refractive effects (figure [.8). Pump and signal were combined by a polariza-
tion maintaining (PM) fiber-WDM coupler and butt-coupled to the waveguide using an
8° angle polished glass ferrule. The fibers were oriented to couple pump and signal to
TM waveguide modes in order to exploit the strong ds3 nonlinear coefficient of LiNbOs.
Due to the high operating temperatures, a micro-positioner was used to position the
ferrule, instead of gluing the fiber to the sample. The out-coupled MIR-radiation was
collimated by an f = 8.3 mm CaF lens; a Ge filter was used to block residual pump and
signal radiation in the free-space beam.

The tuning characteristics of both modules were measured operating both modules
as transmitter. In figure (.9 left, the normalized idler power is given versus signal
wavelength at an operating temperature of 197°C. The maximum output power at this
temperature is achieved at a signal wavelength of Ay = 1554.4 nm, corresponding to an
MIR wavelength of \; = 3764 nm. Again, a sinc?>-type wavelength response is expected
in the ideal case. However, strong side lobes at the short wavelength side arise from
waveguide inhomogeneities (variations in width and depth) as well as from temperature
gradients towards the sample ends. These have been modeled by H. Herrmann [44] as-
suming a parabolic z-dependence of the phase mismatch term, AS(z), called ‘chirp’ (fig-
ure 5.9 right). The chirp corresponds to a variation of either temperature AT ~ 13°C,
Ti-strip width Aw ~ 1.6 pum, Ti-strip thickness Ad ~ 5 nm, or diffusion temperature
ATgrr ~ 2.3°C. Such inhomogeneities lead to a reduced efficiency at the peak wave-
length as the enclosed area under the tuning curve is almost constant (The measured
curves in figure are normalized in this way). However, a potential transmission of
data is unimpaired by side-lobes, as long as the signal bandwidth is significantly smaller
than the phase-matching bandwidth. The phase-matching characteristics of both mod-
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Figure 5.9.: Left: Measured wavelength tuning characteristics of Transmitter and Re-
ceiver modules. Right: Modeled tuning characteristics, assuming a parabolic
chirp of the phase-mismatch term AS(z) [44]. The powers are normalized
to a fixed area enclosed by the curves and the abscissa.

ules are very similar, but a shorter effective interaction length leads to a somewhat lower
conversion efficiency and broader spectral response in the receiver module.

In figure BI0, the measured MIR power from the transmitter module at
As = 1554.4 nm is plotted versus the product of coupled pump and signal pow-
ers at the input of the transmitter waveguide. These values were determined by power
measurements in the free-space beam and subsequent correction for Fresnel losses,
waveguide propagation losses, as well as residual losses in the Ge filter. In addition,
calculated power characteristics from numerical simulations, assuming ds3 = 24 pm/V,
are shown. Surprisingly, the slopes of measured and calculated responses fit very well at
small power levels although a smaller slope is expected for the experimental data due to
the non-ideal measured tuning characteristics (figure[5.9]). We attribute this discrepancy
to uncertainties of some experimental parameters, of the nonlinear coefficient (in fact, it
was probably overestimated by about 1/3 at the time of modeling) and of the waveguide
model. At fixed signal power of 50 milliwatts, a linear increase of the idler power with
pump power is observed with a pump-power normalized conversion efficiency of 69 % /W
(I omit a more detailed treatment of uncertainties for clarity; see chapters 2] and Bl for
some discussion). This characteristic should become super-linear at higher pump levels
due to parametric amplification. At fixed pump power of 150 milliwatts, a roll-off is
observed at high signal power levels, which is due to the onset of pump depletion. The
maximum MIR power measured was 10.5 milliwatts when 150 milliwatts of pump and
130 milliwatts of signal power were coupled to the waveguide, corresponding to a power
conversion efficiency of 8 %. The use of higher input pump power was forgone in order
to prevent damage of the fiber optic WDM couplers. The measurement confirms that
it is advantageous to use relatively high pump powers, compared to signal power, due
to parametric gain.
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Figure 5.10.: Waveguide-internal idler power, generated by the transmitter module (de-
duced from measurements); depending on pump and signal power levels
coupled to the waveguide. The lines represent corresponding calculations.

Using both modules, a 1.5-m long MIR-FSO link was set up to couple radiation from
the transmitter to the receiver via two gold mirrors (see figure [5.6]). Both modules were
operated using a single pump laser followed by a 3-dB coupler. The wavelength de-
pendence of the power regenerated by the receiver module is displayed in figure (.111
The measured response agrees well with the product of transmitter and receiver tuning
characteristics (expected response). At a MIR power level of 4.85 milliwatts in the FSO
link, generated by pump and signal powers of 150 milliwatts and 80 milliwatts, respec-
tively, coupled to the transmitter waveguide, about 100 pW (25 pW) of signal power
was regenerated in the receiver waveguide (measured at the fiber output). Therefore,
the transmission for the signal equals -29 dB, of which -14 dB can be directly attributed
to the MIR-FSO link (Fresnel losses, residual losses in the Ge filter, collimation and
coupling losses). The remaining -15 dB are due to the parametric processes in the two
wavelength converters. Fiber optic, Fresnel and coupling losses from the signal source
to the transmitter waveguide and equivalent losses from the receiver waveguide to the
detector add additional -6 dB losses for each module, resulting in an overall fiber-to-fiber
loss of -41 dB. The losses thus determined are shown in figure B.12]

There is a large potential for reducing the losses of -14 dB in the MIR-FSO link. It
is not quite clear why the free-space coupling losses are so high in this particular setup.
However, I would estimate that a 10 dB improvement is feasible, using improved MIR
lenses and more symmetric waveguides. The conversion losses of -15 dB due to the
parametric processes can be reduced and even gain is theoretically possible by pumping
the nonlinear waveguides with higher power levels. A pump power of 850 milliwatts
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Figure 5.11.: Measured (circles) and expected (solid line) transmission line characteris-

tics. The input signal power was 320 milliwatts. The expected line was
generated by multiplying the tuning characteristics of transmitter and re-
ceiver modules (figure 5.0 left).
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Figure 5.12.: Experimentally determined losses in the FSO transmission line. Bold power
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figures were measured; waveguide-internal power levels were determined
by assuming plausible values for waveguide propagation losses (unknown
at pump / signal wavelengths) and taking previously determined waveg-
uide coupling coefficients; end-face transmission was taken from a LiNbOj3
witness sample coated with the end-face mirror dielectric stack.



coupled to both, the transmitter and receiver waveguides, could provide 15 dB improve-
ment in conversion efficiency. However, this would require WDM couplers optimized for
high-power operation; maybe even integrated on the LiNbOj3 substrate. An integrated
pump-coupler on the substrate could also improve fiber-to-waveguide coupling (all in
all, approximately -6 dB in each module), due to the separation of pump and signal
radiation into two separate input waveguides. Again, symmetric waveguides, e.g. using
ridge structures, could improve both mode-overlap as well as free-space and fiber cou-
pling. In principle, an optimized lens-coupling arrangement to the fiber could also lead
to increased power tolerance, and alleviate coupling losses.

All in all, if an improved fiber-coupling scheme and improved MIR optics were avail-
able, and sufficient pump power were coupled to the waveguides, the overall loss could be
improved by an estimated 30 dB. In that case, the transmission losses would be reduced
to -12 dB.

5.3. Evaluation of Free-Space Data-Transmission

Data transmission experiments via the MIR-FSO link were performed using the ex-
perimental setup described in the foregoing sections, and results were published by Ip
[89]. The analogue quadrature phase shift keyed (QPSK) modulation setup used to
conduct bit-error rate (BER) measurements at a bit rate of 2.488 GBit/s is shown in
figure .13l A back-to-back measurement was done prior to determining BER with the
two wavelength converters, and a BER impairment of 1.5 dB was observed by including
the modules (figure 514 (a)).

Back-to-back performance was 14 dB below the additive white noise limit (figure 5.14]
(a)). This was attributed to

e Quantum efficiency of the balanced photo-receiver (3 dB)

e Thermal noise due to insufficient local oscillator power (5 dB)
e Excess bandwidth of receiver low-pass filter (3 dB)

e Other losses (3 dB)

The 1.5-dB impairment caused by the wavelength converters was mainly attributed to
amplified spontaneous parametric fluorescence. At 150 milliwatts of pump power at
1.55-pum wavelength coupled to the waveguide, parametric fluorescence is of the order
of 1 nW within the phase-matching bandwidth of a Ti:PPLN waveguide of comparable
length ([12], cp. also section 332 where comparable power levels where seen with a
1064-nm pump of similar power).

In addition to the demonstrated, one-directional transmission, receiver modules
could also be operated as transceivers, enabling bidirectional communication. The
transmitted and received wavelengths should however be slightly different within the
phase-matching bandwidth, in order to avoid crosstalk due to the nonlinear process.
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Figure 5.13.: FSO data transmission and bit-error rate measurement setup (courtesy of
E. Ip [89]). The transmitter (here: A-converter #1) is fed by a QPSK-
modulated signal from a 1554-nm laser (TX, upper box). The signal is
amplified by EDFA-stages. The signal is wavelength converted by the
1100-nm pump. The receiver (here: A-converter #2) re-converts the 3.8-
pm radiation back to a 1554-nm signal (middle box), which is mixed with a
local oscillator (LO) in a 180° hybrid to generate two amplitude-modulated
signals (sum/difference) which contain the original information from the
QPSK modulator (lower box). The information is interpreted by signal
processing electronics, and a Bit-Error Rate Tester (BERT) is used to
evaluate transmission impairments.

The transmitter and receiver modules were as well used with a digital return to zero
QPSK (RZ-QPSK) system by CeLight, Inc., to investigate the transmission performance
of the modules, both with and without wavelength conversion to 3.8-pm, through a table-
top wind tunnel. The basic setup is shown in figure [5.15. The RZ-QPSK system, with
its own transmitting and receiving components, as well as BER-testing equipment, was
simply connected to the input and output fibers of the wavelength converters for the
investigations. Off-axis paraboloid mirrors with Au-coatings for the MIR with f = 2”
were used in order to couple radiation into and out of the waveguides. The beam was
then steered through CaF, entrance and exit windows of the table-top wind tunnel,
using an arrangement of mirrors. In the wind tunnel, a number of heated rods would
heat and perturb the airflow coming from a fan. Both rod temperature and airflow
were varied in order to create turbulent conditions of varying intensity, with heating rod
temperatures between about 100 and 250°C. A HeNe laser with 633-nm wavelength was
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Figure 5.14.: Bit-Error rate (BER) measurement with / without wavelength convert-
ers. An impairment of approximately 1.5 dB is caused by the wavelength
converters, which is attributed to amplified spontaneous emission. Inset:
Opened eye pattern of the signal with wavelength converters, from a stor-
age oscilloscope. A clearly opened eye is an indication for good signal
quality. (courtesy of E. Ip. [89])

used in order to record a scintillation index, using a Shack-Hartmann sensor, in parallel
to the transmission measurements - this could later be compared to the scintillation
indexes at 3.8 and 1.55 pum, which were derived from data transmission measurements.

Data transmission using 3.8-um wavelength and using 1.55 ym was compared at a bi-
trate of 160 Mbit/s of the RZ-QPSK signal (in the latter case of 1.55-um transmission,
the wavelength conversion modules were removed from the setup). In these measure-
ments, absorption and scattering effects were negligible due to the short optical paths
involved in the experiment, so scintillation provided the dominant optical impairment.

Under the most severe turbulence condition produced in the table-top wind-tunnel,
3.8-pm transmission would yield an estimated receiver sensitivity improvement of at least
6 dB over 1550-nm transmission. In the addendum to their paper done by associates
of The Boeing Company, they discussed the theoretical wavelength-dependence of the
scintillation index. To summarize the results, the scintillation index peaks at a certain
propagation distance, after which it decreases and saturates. As the peak shifts to shorter
distances with longer wavelengths, the use of 3.8-um radiation is advantageous mainly
for short distances. At the strongest turbulence conditions assumed, the advantage
of 3.8-um radiation is lost only after about 500-m propagation distance. Under less
turbulent conditions, this turning point moves to longer distances. I have reproduced
some of the theoretical considerations in appendix [El
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Figure 5.15.: Free-space transmission line through a table-top wind tunnel, using trans-
mitter and receiver modules, in order to evaluate transmission performance
at 3.8-um wavelength compared to transmission at 1.55 pm. A red laser at
633 nm was used in parallel in order to record the scintillation index (not
shown). OAP: Off-Axis Paraboloid mirror, Au-coated.

5.4. Summary

All-optical wavelength conversion is being intensively studied in the communications-
wavelength range around 1550 nm [90, OI] for applications in future WDM-based
transmission systems, using different approaches including semiconductor optical
amplifiers, and nonlinear wavelength conversion using y2-processes. Moreover, x2-based
DFG has been extensively investigated to generate MIR-radiation (see [92] for a nice
overview), especially for spectroscopic applications. We could show that the same prin-
ciples of x? based wavelength conversion between NIR and MIR wavelengths can also
be used for MIR-transmission systems based on established communications technology,
and using frequency conversion as an interface to the free-space transmission link [44],[89].

Using the wavelength conversion modules developed in Paderborn, Ip et al. showed
that free-space optical transmission using the wavelength converters cause a moderate
bit-error rate impairment of 1.5 dB, compared to back-to-back performance of the system
without free-space transmission.

Following these initial experiments, Cho et al. showed that, comparing MIR-
transmission at 3.8-um with NIR-transmission at 1550-nm wavelength, there is a con-
siderable reduction of 6 dB in transmission impairments when transmitting through
weak-turbulence gaseous boundary layers [1]. They compared transmission through a
table-top wind tunnel, using the modules from Paderborn, with and without wavelength
conversion. The wind tunnel simulated a turbulent boundary layer, provided by a num-
ber of heating rods disturbing the generated air-flow. Turbulent boundary layers are
for example present above the surfaces of an aircraft, so the use of MIR radiation is
expected to be beneficial for FSO laser-communications with aircraft.
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Conclusions

Despite the advent of QCL lasers to the commercial market of mid-IR technologies,
gaps still exist in the wavelength spectrum between the near- and mid-IR, especially
when it comes to cw-operation and tunability. The long-standing lead-compound based
(PbS/PbSe) lasers have some intrinsic difficulties, such as strong mode-hopping behavior
and generally the need for cryogenic cooling, and precise control of operating parameters
in order to select an operating wavelength.

Consequently, wavelength conversion by DFG has been and still is an attractive way to
generate tunable radiation with wavelengths which are difficult to access by conventional
means, especially in the mid-IR range. For the purpose of mid-IR generation, stable,
room-temperature operated laser diodes with excellent spectral properties and consider-
able output powers, which are readily available in the near-IR, can be used. Within the
scope of this work, waveguide-based wavelength converters, using Ti-indiffused waveg-
uides in PPLN were thoroughly investigated. Lasers of 1064-nm and 1100-nm wavelength
were used as pump sources, together with tunable lasers operating in the 1500- to 1600-
nm range, in order to generate difference-frequency radiation in the 3.4- and 3.8-um
wavelength ranges. The results were presented in chapter Pl and MIR-output powers
in excess of 10 milliwatts were achieved, with hundreds of milliwatts in the NIR. The
tuning characteristics allowed instantaneous wavelength tuning ranges of about 5 nm in
the MIR. In addition, temperature tuning of PPLN samples allows access to a broader
wavelength range with a given waveguide sample - by tailoring the waveguide properties,
nearly arbitrary wavelengths may be reached.

The concept of nonlinear wavelength conversion can also be used to up-convert MIR
radiation for detection in the NIR. This has also been done in waveguide-based PPLN
samples; the results were presented in chapter Bl The motivation is two-fold: on the
one hand, MIR detectors are background-radiation limited, due to their sensitivity to
thermal radiation, which NIR (InGaAs) or even visible light detectors (Si) are not. On
the other hand, detectors with high modulation bandwidths are available especially for
wavelength bands used in the optical communication technologies, which are optimized
for optical fiber transmission. Two waveguide-based up-conversion detectors were inves-
tigated, using both SFG and DFG. In direct comparison to a TE-cooled HgCdTe detector
optimized for 3.4-pum radiation, both SFG- and DFG-based up-conversion detectors out-
performed the conventional detector by factors of 48 and 23.3. It is, however, difficult to
compare the performance of detectors operating in different wavelength regimes quan-
titatively, due to the different causes that fundamentally limit NIR and MIR detectors.
If, for example, the different detector sizes are taken into account (treating the UCDs as
background-limited detectors), the advantage is reduced to factors of 4.2 and 2, respec-
tively. In case of the DFG-based up-conversion detector, parametric gain is available,
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meaning that conversion efficiency is only limited by available pump power. However,
parametric fluorescence limits the usefulness of this detector, because the fluorescence
is present at the up-converted wavelength. In case of the SFG-based up-conversion
detector, this is not the case; however, conversion efficiency is limited to 100% photon-
conversion.

Both, transmitter modules using DFG for MIR-generation, and receiver modules using
SFG for up-conversion, were used for molecular absorption spectroscopy of methane
around 3.4-um wavelength. This was reported in chapter 4 In these experiments,
low NIR power levels in the milliwatt range, used to pump both the DFG-MIR source
and the SFG-UCD, proved sufficient to conduct absorption measurements on methane
with exceptional signal-to-noise ratios. It was also shown that frequency modulation
spectroscopy, which is sensitive to the derivative of the absorption lines of a spectrum,
is easily transferred to this particular spectroscopic setup. In direct comparison to
absorption measurements using a conventional detector, the need to couple radiation to
the SFG-UCD waveguide poses an additional (mechanical) noise source, which limits the
possible detection sensitivity of the setup. The ultimate sensitivity was not determined,
but the theoretical limit of conventional absorption spectroscopy of methane around
3.6-um was estimated much below 1-ppb sensitivity, albeit experimentally, much effort
is needed to reach values close to this.

Similarly, transmitter and receiver modules were used for free-space optical transmis-
sion in the MIR at 3.8-um wavelength, which was presented in chapter Bl Calculations
show that it can be beneficial to go to this wavelength, because scattering losses and
scintillation effects are strongly reduced compared to radiation in the NIR or even
visible, and transmission windows free of absorption lines also exist in this wavelength
range. In addition, background radiation contributions from the earth is still fairly low
below 4-um wavelength. The modules developed in Paderborn were used to set up a
free-space transmission line in the MIR at Stanford University, CA, using wavelength
down- and up-conversion from the NIR to MIR and back. Transmission measurements
were done together with Carsten Langrock of Prof. Fejer’s and and Ezra Ip of Prof.
Kahn’s research groups, using an analogue QPSK system, and a data-transmission
impairment of -1.5 dB only was caused by the free-space transmission line using the
wavelength conversion modules. Later, the wavelength converters were moved to a
Boeing facility near Seattle, WA. Here, the free-space transmission line was perturbed
by a table-top wind tunnel, which simulated a turbulent atmosphere. Cho et al. could
show, with a digital QPSK system connected to this setup, that frequency conversion
to 3.8-pum using the waveguide modules provided a 6-dB gain in data transmission
performance, compared to transmission at 1.55-um.

In conclusion, it was shown that nonlinear-optical wavelength conversion to the MIR
is a versatile means to access wavelength ranges which are especially interesting for
spectroscopy and free-space optical communications. It is particularly intriguing that
fiber-based optical components, for example from telecommunication technology, can
be used directly to realize solutions for MIR applications. Ti-indiffused waveguides in
PPLN offer a mature technological base for this purpose. Novel waveguide technologies
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with more symmetric optical modes with higher conversion efficiencies and better cou-
pling to optical fibers, like ridge waveguides or even photonic wires, could improve the
performance of such devices in the near future.
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A. Waveguide and Poling Mask Design

The photolithography masks for waveguide fabrication and periodic poling provided
eight similar waveguide groups, and six poling sections with varied poling periodicities.
The waveguides were bundled into groups of six, with two waveguides each of 18 um, 20
pm and 22 pm waveguide width. The waveguide structure is shown in figure [ATl

.........................................................

125 pm | W =4 4m ; W= 18 pm

E
==
8  150um W= 18 pm
(]
150 umT 5 5 W =20 pm
b
150 : : W = 22 ym
l 125 pm‘
1—*-----A-A-‘--Grcup-#--‘-tﬁ-----------
i : >
10000 prmi 3000 pm 100000 pm
taper region

Figure A.1.: Layout of a single waveguide group with six waveguides. On the left side,
the 4-pum wide input waveguide is shown, along with a tapered section used
for selective mode excitation.

This design provides some redundancy (as in each poled group, two waveguides are
available of each width), and also accounts for deficiencies in the waveguide model by
allowing to select between different widths, in order to find the waveguides with optimum
conversion efficiency.

Experimentally, the most narrow waveguides with 18 pym width generally showed the
highest conversion efficiency. In theory, the highest conversion efficiency is expected
for the 20-um wide waveguides, at 170 nm Ti-layer thickness. The analytical waveg-
uide model predicts improved conversion efficiency with increasing Ti-layer thickness
(figure [A.2)); however, the amount of indiffused Ti is limited in practice.

Poling periodicities ranged from 26.5 um to 27.25 pm - this way, the complete signal
wavelength band of the Tunics ECL lasers in the range between 1500 and 1600-nm
wavelength can be accessed, by selecting the corresponding periodicity and temperature
for fine tuning (cp. figure Z12). The mask layout is sketched in figure [A.3l The poling
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Figure A.2.: Nonlinear conversion efficiency (DFG) as a function of strip width and
thickness. In the analytical model, conversion efficiency increases steadily
with Ti-layer thickness. In reality, the amount of indiffused Ti is limited
however when fabricating a functional waveguide. At 170 nm strip thick-
ness, maximum conversion efficiency is expected between 18 and 22 um
strip width. Experimentally, the 18-pum wide waveguides generally showed
the highest conversion efficiency.

mask was usually aligned to the central six waveguide groups of a single sample (marks
were provided in the mask design for alignment).
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Figure A.3.: Mask layout with six poling groups. Poling periodicity A ranges from 26.5

pm to 27.25 pm.
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B. Modeling of Lens Dispersion

The lens dispersion effect described in section was modeled using Gaussian beam
optics. The complex beam parameter of a beam propagating in z-direction is given by

11 A

b e

with phase front curvature R, wavelength A and beam half width w(z). The beam half
width can be determined from the imaginary part of é. A matrix formalism may then
be used to determine the evolution of ¢, for example as function of propagation distance,
or as it is modified by an optical component like a lens, as follows:

_ Aq+ B
Q2_CQ1+D
with the matrix N
B
M= ( a5 )

For a given optical system, the matrices for each individual optical component or propa-
gation path can be multiplied according to the laws of linear algebra in order to determine
q at any point in the system. From that, w can be determined. This has been done for a
simple arrangement of two BK7 lenses (fi, f) placed 20 cm apart, both with f = 10 mm
at 1550-nm wavelength. For the initial beam waist, the mode sizes of 1060XP fiber
[93] at 1064-nm and 1550-nm were assumed. Modeling shows that the focal planes lie
0.1 mm apart. The Rayleigh length of the beam at 1064-nm was determined to be just
28-pm, in comparison.
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Figure B.1.: Gaussian beam modeling of two beams coming from a fiber. Two lenses
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(BK7) with f = 10 mm were assumed at z = 1 cm and z = 21 cm. At
z = 0 cm, the output from a single-mode fiber was assumed. At z = 22 cm,
the focal spots at 1064-nm and 1550-nm are about 0.1 mm apart. Inset:
Beam profile along the 22 cm transmission path.



C. Waveguide Inhomogeneity
Calculations

Asymmetries in the phase-matching tuning characteristics are caused by inhomogeneities
of the Ti-indiffused waveguide. The most likely causes were already listed in chapter
and are:

variations in Ti strip width wp;,

variations in Ti strip thickness dr;,

variations in the poling periodicity A,

temperature gradients in the indiffusion oven Ty, s¢, and

temperature gradients of the sample during operation Tg,.

In the coupled mode equations, the phase-mismatch term becomes A = Af(z), and
the phase factor exp (£iASL) is generalized to the integral form:

- {ﬂ /L Aﬁ(z)dz] - {ﬂ <ABOL + /OL AS(Z) Au(@dz)] :

0 U

assuming a deviation from the perfectly phase-matched interaction. The parameter u
could be any of the above (wr;, dri, A, Ty and T,).

In order to model the measured curves, a parabolic variation, centered about the
waveguide center, was assumed for the argument %AU(Z) (the model can, of course,
be extended to more complex functions). The amplitude was varied in such a way that
the resulting curve resembled the measured one closely; resulting in figure The
parabolic chirp was then traced back to the parameters listed above. This was done by
calculating the partial differentials

0 1 0 1 0 1 0 o 1
g =2m ()\_p%neff()‘pa u) — /\_S%neff()‘& u) — )\_i%neff()‘iau) - %W>
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tics (see also chapter [2)).

The results are as follows:
O A
Oar, AB
ONAPS
Oryg A6 =

Or,, AB =

9

using the mathematical convention d, =

of

owr;
odr;
oA
OTgisy
0T,

measured and calculated tuning characteris-

. These results yield the maximum variations

—0.6 pm
—1.72nm
—0.016 pm
0.85°C
—7.4°C,

already presented in table 2.1l which are close to what was determined experimentally.
Similar considerations were taken in order to model the measured tuning characteristics

in chapter [l
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D. Reference HgCdTe Detector
Characterization

In order to evaluate the UCD performance, an HgCdTe (or MCT) detector unit from
OEC GmbH [94] was thoroughly characterized as the ‘benchmark’-MIR detector.

The detector consists of a photo-conductive detector chip which is temperature sta-
bilized to 213 K using a three-stage thermo-electric cooler. The chip is mounted in a
hermetically sealed housing with an AR-coated window optimized for the 3.4-pum wave-
length range, while the actual responsivity of the chip extends from the visible to 4.5-um
wavelength. The detector chip is integrated into a voltage divider circuit; the voltage
drop across the chip is amplified by a low-noise voltage amplifier with 1-kHz respectively
10-kHz bandwidth (switchable), and a lower threshold frequency of 3 Hz (optionally
DC). The integrated amplifier gives a DC-coupled amplification factor of 668, leading
to detector saturation at a few tens of microwatts incident power.
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Figure D.1.: Left: MCT detector response curve, right: MCT spectral noise characteri-
zation.

Firstly, the power characteristics were measured and secondly, noise performance was
evaluated using the DSP lock-in amplifier. The result is shown in figure [D.Il In fig-
ure [D.1] left, the detector response is shown at different power levels incident onto the
detector. A distinctive non-linear behavior is evident at the lowest and highest power
levels measured, mainly due to internal voltage amplification in the detector unit. In
figure [D.1], right, a frequency dependent measurement of the noise spectral density Sy
(with ‘dark’ detector) is displayed, using a lock-in noise bandwidth of 17.2 Hz (time
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constant: 10 ms) [95], alongside the frequency response of the measurement system at
a fixed incident power level. Beforehand, the sensitivity limit of the lock-in itself was
found to be Sy = 4.9 nV/ \/E, which is about three orders of magnitude below the
noise level measured using the detector.

Some interesting characteristics can be recognized from this measurement. The two
dips in voltage at 50 and 100 Hz are evident, due to the line rejection filter in the lock-
in amplifier to filter out electrical frequency components at the line frequency and its
second harmonic (to filter e.g. ambient light). It is evident that the noise spectral density
reduces with higher frequencies. However, the detector response also decreases due to
bandwidth restrictions imposed by the detector circuitry. The optimum signal-to-noise
ratio can thus be found within the vicinity of 1-kHz modulation frequency.

The NEP can now be calculated according to equation ([3.3). It is determined as
NEP = 14 pW at a 1-kHz reference frequency and 1 second of measurement bandwidth.
The specific detectivity is derived using equation (B.4]), which gives D* = 7.14- 109%@.
D* allows a direct comparison of different detectors, as it is normalized to measurement
bandwidth and detector area. Ultimately, the ‘effective’ D*, which is defined in chapter[3]
of a hybrid detector would have to compete with this value.
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E. Atmospheric Transmission
Impairments

In the following, the physical effects of the most common impairments of the atmosphere
on a coherent beam are briefly discussed:

E.1. Atmospheric Scattering and Absorption

The atmosphere consists of molecules and particles (aerosols) of different shapes and
sizes. These constituents lead to wavelength dependent scattering and absorption of
light. As a consequence, the wavelength-dependent transmission decays with distance.
In case of an inhomogeneous path through the atmosphere, e.g. with varying pressure
and temperature, the integrated effect along the beam path must be determined. In
the case of monochromatic radiation traversing an optical path length of AL on a ho-
mogeneous path, an exponential decay in intensity is observed according to the law of

Lambert-Beer:
T =exp (—yAL), (E.1)

where v = 0 + k is the attenuation coefficient. Here, o is the scattering coefficient and
k is the absorption coefficient. Both, ¢ and k depend on the size, type, and density
distribution of molecules and particles in air:

0 =0m+0, (E.2)
k= km + ka7

where the index m denotes molecular absorption and scattering, and a the effects of
aerosols.

The absorption and scattering coefficients due to aerosols with sizes comparable to
the wavelength are usually smooth functions of wavelength and depend on the ratio of
particle size to wavelength and the particle refractive index (Mie-scattering). Of course
it is necessary to consider the particle distribution in this case. In case of molecular
(Rayleigh-) scattering, the wavelength dependence is very nearly o,, oc A~ [86]. Tabular
values of k,, 0, and 0, taken from [86] at 0 km altitude, are plotted in figure [E.1l

The molecular absorption coefficient, k,,, is of a different nature. The wavelength
dependence is a highly oscillatory function, with a myriad of discrete absorption lines
due to quantum mechanical transitions between different energy levels. The energies
needed in order to excite such transitions depend on:

e the type of molecule
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Figure E.1.: Measured molecular and aerosol scattering coefficients, as well as aerosol
absorption coefficients, plotted as a function of wavelength up to 10 um for
two different visibility conditions (data taken from [86]).

e the type of interaction
e the harmonic order of the transition.

In addition, individual lines are broadened due to finite lifetimes of the excited states, as
well as through Doppler- and pressure-broadening effects. Consequentially, an absorp-
tion spectrum with more or less pronounced absorption bands is observed in radiation
transmitted through the atmosphere. Doppler broadening is dominant at low pressures
below 0.1 atm [70]. In the lower 50 kilometers of the atmosphere, line broadening can
be described to good accuracy by pressure broadening, and the molecular-absorption
coefficient may be written as the Lorentzian function [86]:

Sa

(v —1vi+a?

km(v) = (E.3)

with line intensity S, line half width «, line center wavenumber v (in units cm™!), and
the wavelength at which the absorption coefficient is required . The line intensity and
half-width depend on temperature and pressure. In case of a number of 7 contributing
absorption lines at frequency v, a summation according to

(E.4)

becomes necessary.
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In figure [E2] an example transmission spectrum through the atmosphere was cal-
culated using SPECTRA [87] for a horizontal path of 2 km at sea level, assuming a
mean-latitude USA summer atmospheric model. Here, only molecular absorption is
considered, based on the HITRAN [70] and GEISA [96] databases. Obviously, there is
a multitude of absorption lines forming complete bands, which are already smeared out
due to an assumed instrument function with finite resolution of 10 cm™! in wavenumbers.
In the visible and near infrared up to 1 pum, there is naturally very little absorption at
around 630 nm, 700 nm and 770 nm due to O, and few relatively weak absorption bands
due to water vapor. In the near- to mid-infrared, water absorption bands are dominating,
but also CO5 molecules add strong absorption bands. Especially, the strong COs-band
centered around 4.2-pum wavelength blocks radiation.

—— USA mean latitude summer atmospheric model
2 km horizontal path absorption (scattering not considered)

. .
10 cm  instrument resolution

0.4

Transmission

0.2 -

0_0-_ I U

wavelength [um]

Figure E.2.: Atmospheric transmission on a horizontal path of 2 km in the atmosphere
[87].

In-between these bands, transmission windows exist which are suitable for atmospheric
transmission. The center wavelengths of these bands are listed in table [E.Il Within
the 5 and 8-um wavelength band, transmission is blocked by water vapor, but another
transmission window opens at around 10 pm.

Transmission bands, however, do not show the fine structure of absorption. Indeed,
a narrow laser line may easily fit in-between individual absorption lines for data trans-
mission purposes. This is shown in figure [E.3 for the near- and mid-infrared ranges.
A wavelength range where molecular absorption lines are nearly absent can be found
at 3.82-um wavelength, just in-between moderately strong water absorption lines. The
next longer wavelength of equally high transmission is 4.06-pm, between the weak P and
R branches of O, absorption; however, thermal background due to blackbody radiation
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Center frequency || Adjacent absorption bands
750 nm O, / HyO
780 nm 02 / HQO
870 nm H-,O
1050 nm H,O
1240 nm HyO / O,
1620 nm H,O / CHy / COq
2130 nm HQO / C02 / CH4
2240 nm H,O / CH,4
4060 nm HQO / OQ

Table E.1.: Transmission bands in the near- to mid-infrared range [87].

from the earth is negligible only below 4-um wavelength. Also, the transparency of
LiNbOj falls off around 4 pm.

In addition to these considerations, the previously mentioned effect of scattering
(Rayleigh and Mie) as well as absorption by aerosols must be considered. For this pur-
pose, the data points in figure[E.J] were fitted with analytic functions. Aerosol absorption
was neglected in this case, due to oscillatory behavior. The resulting transmission curve
is depicted in figure [E.4]

E.2. Beam Divergence and Spreading

Any optical beam (i.e. a beam emanating from an aperture of finite dimension) expe-
riences divergence during propagation. From basic wave equations follows that a beam
with Gaussian intensity distribution has the least possible divergence. In homogeneous
media, a z-propagating beam is described by the complex field amplitude [97]

2

Ulp,2) = Ay WMZ‘;) exp {—WZ—@)} exp {—ik‘z — ik

p2

2R(z)

vic(z)|.  (E5)

Here, W (z) and R(z) are measures of beam half-width and curvature at a distance
z from the beam waist with W,, with the Rayleigh-range 2z, and the so-called Guoy-
phase ((z). Time dependence is then described by the complex wavefunction U(7,t) =
U(p, z) exp (iwt), with angular frequency w of the optical wave.

From follows the Gaussian beam intensity profile I(p, z) = |U(p, 2)|*:

W() 2 2p2
I =1y | —— ——. E.
05 =1 g | e | (E)
For z >> zy, a beam divergence half-angle of 8y = W /2, or

20

_cs A E.
90 ™ QW(] ( 7)
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—— USA mean latitude summer atmospheric model
2 km horizontal path absorption (scattering not considered)
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Figure E.3.: (Fairly) high resolution transmission spectra in the near- and mid-infrared
ranges [87].

is derived. This is a well-known result which states that the divergence angle of a
Gaussian beam is directly proportional to the wavelength divided by the beam waist.
As a consequence, for equal transmission performance over large ranges, the aperture
defining the waist diameter of a beam should scale proportional to the wavelength of
light, so for MIR-transmission, a larger aperture is needed for collimation, compared to
NIR or visible light.

E.3. Scintillation

The refractive index of air fluctuates with pressure and temperature. This leads to
path deviation, irradiance-fluctuations as well as de-phasing (i.e. loss of coherence)
of an optical beam traversing the turbulent atmosphere. This so-called scintillation
is described assuming a spatial power spectrum of refractive-index fluctuations in a
continuum of turbulent cells, leading to small-scale (causing diffraction) and large-scale
(causing refraction) effects [08].
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Figure E.4.: Transmission curve for a horizontal, 10-km path at 0-km altitude; US mid-
latitude summer model, clear atmospheric conditions, considering molecular
absorption and scattering, as well as aerosol scattering.

In order to describe the phenomenon, a scintillation index is defined as
2 _
o7 =—= —1, (E.8)

where the brackets denote a time (or ensemble) average. It is usually assumed that
the irradiance can be expressed as the product I = xy, where z arises from large-
scale turbulent eddies, and y arises from small-scale turbulent eddies. The variance of
irradiance is then given by

(17) = (") (v*) = (1+07) (1 + ) (E.9)
with the normalized variances o2 and 05 of x and vy, respectively. It was assumed that
(I' = 1. From equation [E.9] the scintillation index (equation [E.§]) becomes

oi=1+402)(1+0)—1=0.+0,+020 (E.10)

2
"

The theory used to predict the scintillation index in equation [E.I0]is rather extensive,
and care must to be taken to accurately describe the situation in weak and strong
turbulence conditions. Considering a Gaussian beam, the phase-front radius of curvature
and beam size will continually change due to diffraction as it propagates. Scintillation
due to turbulence causes additional broadening of the spot size, focusing as well as
de-focusing, and beam wander.

Andrews et al. derive the following expression for equation [E.10]in case of a Gaussian
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beam [99]:

2 4902 5lo?
T——l—exp 0.490% 0.510%

2 7/6 5/6
we (1 +0.560% 5) (1 + 0.6901132/5>

at the radial and longitudinal position (p, z) in the beam, with the Rytov variance o3 of
a plane wave, the Rytov variance o% (0%) of a Gaussian beam, an effective spot radius
W, and an effective beam parameter A, = z/zﬂ. The authors neglected inner scale
effects (i.e. scales at which turbulent energy dissipates) in order to reach this particular
result.

In their formulation, propagation of a Gaussian beam is traced back the the Rytov
variance 07 = 1.23C2k7/6 L1¥/6 for a plane wave, with the so-called refractive index struc-
ture constant C?, wavenumber k = 27/)\, and propagation distance L. The plane wave
approximation had been well understood previously, however it could not accurately
reproduce experimental data. Andrews et al. could show a good agreement between
their theory represented by equation [EL11] and experimental results, as well as numerical
calculations performed by other research groups.

In the appendix to [I], calculations were performed by The Boeing Company associates
using a basic spherical wave model which is much simpler to handle. The results are less
exact due to simplification, however they expect the qualitative trends of the model to
be the same. The scintillation index in this case is given by [9§]

02 (p, z) = 4420202/ —1 (E.11)

0.1702 0.2250°
12/5) 7/6 * 12/5 /6
(1 +0.1670) ) (1 +0.2590" )

which can be easily evaluated graphically for different wavelengths and propagation
distances. I shall reproduce their findings here using some example calculations.

The refractive index structure parameter C? is a measure of turbulence. Values of
C?2=5-100"m™23 C2=5-100 m2?3 and C? = 5-107'2 m2?/3 are assumed
values for weak, moderate, and strong turbulence, respectively [1]. Calculations have
been performed for three wavelengths in the visible, NIR, and MIR, (0.5 pym, 1.55 um,
and 3.8 um, respectively) and results are shown in figure [E.5

In essence, the scintillation index increases to a peak as a function of oy, after which
it declines again to a saturation value. Performance in the MIR is superior until the line
crosses over with the 1.55-ym line. In a weakly turbulent environment, it crosses over
at around 6.7 km; in a moderately turbulent environment at around 2 km; and in heavy
turbulence at around 550 m (assuming a spherical wave). This means that the severity
of turbulence must be taken into account, as well as the intended propagation distance
through turbulent areas, in order to estimate the performance of a given transmission
system. In case that turbulent boundary layers of limited physical dimension should be
traversed, use of MIR radiation definitely shows an advantage.

o2 (p,2) = exp -1, (E12)

W, and A, are expressions for the enlarged beam area which is painted by the fluctuating and
wandering beam at the receiver aperture [99].
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Figure E.5.: Scintillation index for weak, moderate, and strong turbulence conditions
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