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Abstract

Measurement systems based on laser technology are widely used in laborato-
ries, metrology institutes and industry. Measurement applications like optical
sensing and optical spectroscopy are state of the art. For space applications,
however, laser systems are rarely used due to the sensitivity of optical compo-
nents to the harsh environmental conditions. The focus of this work lies on
further development of laser technologies for the applications optical frequency
comb generation and fiber-optic sensing. In order to identify suitable laser tech-
nologies, the conditions for systems that shall be operated in space are analyzed
thoroughly. The influences due to the space environment are considered and

the radiation and temperature effects on laser optics are determined.

Commercially available femtosecond fiber lasers based on mode-locking tech-
nologies non-linear polarization rotation and quasi-soliton generation are func-
tionally tested in order to verify the theoretical analysis. Thermal-vacuum and
Gamma radiation test series are carried out and the performance of the lasers is
measured online. Evaluation of measurement data, assessment of laser setups
in terms of robustness and their behaviors during tests allow concluding an
optimized femtosecond laser design. This design serves as baseline for further
development and will yield a system that can cope with the requirements for

an application in space.

In order to demonstrate the functionality of fiber-optic sensing based on a
tunable laser diode, an interrogator system is built and tested in the frame of
this work. This technology, based on a monolithic laser, enables an all-in-fiber
setup without any free-space optics. The laser wavelength is tuned by feeding in
three control currents. Thereby, the connected fiber Bragg grating temperature
sensors are sampled spectrally. Newly developed algorithms enhance the
measurement performance, evaluate the back reflected sensor responses and

determine the measurement value.

This work was carried out in the frame of several projects partly funded by
the German and European Space Agencies DLR and ESA. The results of this
work flow into successor projects aiming at the development of the described

measurement systems as space qualified instruments.



Zusammenfassung

Laser basierte Messsysteme sind in Laboren, in Metrologie Instituten und
in der Industrie weit verbreitet. Messapplikation wie optische Sensorik und
Spektroskopie sind Stand der Technik. Fiir Anwendungen im Weltraum sind
Lasersysteme, wegen ihrer Empfindlichkeit gegeniiber den vorherrschenden
Umgebungsbedingungen, jedoch selten im Einsatz. Der Schwerpunkt dieser
Arbeit liegt in der Weiterentwicklung von Lasertechnologien fiir die Anwendun-
gen als optischer Frequenzkammgenerator und zur faser-optischen Sensorik.
Um geeignete Lasertechnologien auszuwdhlen wird eine griindliche Analyse
durchgefiihrt, mit dem Ziel die Bedingungen fiir den Betrieb von Systemen
im Weltraum zu charakterisieren. Verschiedene Annahmen fiir wechselnde
Umgebungsbedingungen im Weltraum werden betrachtet und die Effekte auf

Laseroptik durch Bestrahlung und Temperaturdnderungen analysiert.

Kommerziell erhiltliche Femtosekundenlaser basierend auf den Modenkop-
plungstechnologien nicht-lineare Polarisationsrotation und Quasi-Soliton Gener-
ierung werden funktionell und unter wechselnden Umgebungsbedingungen
getestet um die theoretische Analyse zu verifizieren. Thermal-Vakuum und
Gamma Bestrahlungstests werden durchgefiihrt wihrend die Betriebseigen-
schaften der Laser in Echtzeit gemessen werden. Die Auswertung der Mess-
daten, die Bewertung der Laseraufbauten beziiglich Robustheit und das Verhal-
ten der Laser wihrend der Tests ermoglichen den Entwurf eines optimierten
Femtosekundenlasers. Dieses Design ist die Basis fiir zukiinfige Entwicklungen
welche ein System hervorbringen, dass mit den Bedingungen im Weltraum
zurechtkommt.

Um die Funktionalitdt von faser-optischer Sensorik basierend auf einem Laser
mit verstimmbarer Ausgangswellenldnge zu demonstrieren wird im Rahmen
dieser Arbeit ein Interrogatorsystem entworfen, aufgebaut und getestet. Diese
Technologie, basierend auf einer monolithischen Laserdiode ergibt einen ro-
busten faserbasierten Aufbau ohne Freistrahlstrecken. Die Ausganswellenldnge
des Lasers wird durch das Einspeisen von drei Kontrollstroémen verstimmt,
dadurch werden angeschlossene Faser Bragg Gitter Temperatursensoren abge-
tastet. Neu entwickelte Algorithmen verbessern die Messperformance, werten

die reflektierten Sensorantworten aus und bestimmen die aktuelle Messgrofie.

Diese Arbeit wurde im Rahmen mehrerer Projekte der nationalen und europais-



chen Raumfahrtagenturen DLR und ESA durchgefiihrt. Die Ergebnisse dieser
Arbeit fliefien in Nachfolgeprojekte ein, mit dem Ziel weltraum-qualifizierte

Instrumente zu entwickeln.
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1. Introduction

Within this work, space borne optical technologies in the fields of frequency
measurement and fiber based sensing are further developed. In order to reach
the required high technological readiness of a system to be able to pass space
qualification tests, complex research and development processes have to be
carried out. Due to the high costs of bringing and operating systems in space,

the risk for a potential failure of the system has to be reduced to the minimum.

1.1. Photonics in Space - State of the Art and

Ongoing Developments

Several fundamental physics experiments and future trends for existing space
technologies based on photonics are already under development or have been
proposed [18]. This chapter gives an overview of state-of-the-art measurement
systems based on frequency standards and optical fiber sensing with regard to

space applications.

1.1.1. Optical Frequency Measurement

The invention of optical frequency comb technology resulted in a simplified
method for the measurement of optical frequencies [146][171][186]. In order to
benefit from this new technology, frequency combs are used in scientific labora-
tories and optical frequencies are distributed to enable comparison of frequency
standards [118]. The technology is further developed towards compact ultrafast

lasers which is a first step for achieving a more robust system [85].

Up to now optical frequency measurement based on optical frequency combs
(OFCQ) is available in laboratories only. Commercial OFCs are available, but



1. Introduction

these systems cannot cope with the environment in space. In order to sup-
port future missions based on optical atomic clocks (OAC), like the proposed
Einstein Gravity Explorer [160] with an OFC, further development has been ini-
tiated by the European and the German Space Agencies, ESA and DLR. In line
with this work, available OFC technologies are examined for the use in space
environment and promising subsystem candidates are evaluated by elaborate
environmental tests. The results obtained by this work enable the design and
development of an OFC based on the best suited technology for a space-borne

system.

In the field of frequency standards and clocks, several missions are currently
under development or have already been started. The ACES (atomic clock
ensemble in space) mission develops a Cesium fountain atomic clock that will
be operated onboard the international space station ISS [24]. The most accurate
frequency standard in space today is the hydrogen maser onboard the GIOVE
(Galileo in orbit verification) satellite [188]. The SOC (space optical clocks) [161]
project is the first development of an optical frequency standard towards a

compact and transportable system.

Optical frequency combs as one major subsystem of an OAC are, up to now, not
available in a space qualified version. Therefore OFC technology is the focus of
ESA and DLR initiated projects (see appendix A.1).

1.1.2. Optical Fiber Sensing

Fiber based sensing is currently no standard technology for space applications.
The advantages of fiber optic sensing in spacecrafts have been theoretically
and practically studied in several space related projects [116] but until now
sensing is dominated by electrical means. In particular, thermal mapping
with high numbers of temperature sensors is one application wherefore fiber
based sensing would enhance the measurement in terms of reduced complexity
and weight. Therefore, the lower maturity of optical compared to electrical
technologies required for fiber optic sensing in space has to be overcome by

further development.

Several studies have already been carried out having in view the utilization of
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fiber optic sensing in space [116][38][57]. Up to now only one fiber Bragg grating
(FBG) interrogator, developed by MPB Communications, has been developed
for space flight demonstration onboard the PROBA-2 satellite [97][98]. This
interrogator provides six external sensor channels. Four of the channels support
fibers that accommodate up to four FBG sensors each, the fifth and sixth channel
read out one high temperature and one combined temperature-pressure sensor
respectively. Since this system is used for feasibility demonstration on-board a
low Earth orbit satellite where environmental loads and mission lifetime are

low, it is built on commercial components without space qualification.

Within this work an alternative fiber-optic interrogation breadboard based on a
monolithic laser diode is designed, developed and tested. This scanning-laser

sensing technology would significantly enhance sensing on spacecrafts.

1.2. Objective

The main objectives of optical frequency comb and optical fiber sensing devel-

opment, which are in focus of this work, are described within this section.

1.2.1. Optical Frequency Comb Development

The main objective of the work on optical frequency comb (OFC) develop-
ment are investigations on existing OFC technologies in terms of applicability
for space use. Therefore a detailed literature inquiry and a trade-off between
available technologies have been carried out. Two selected OFCs based on
tiber lasers are further analyzed by environmental testing at subsystem level.
Thermal-vacuum and Gamma-radiation tests are performed and new results
concerning optical output performance are described. Differences in the levels
of radiation induced degradation are observed when the fibers are illuminated
with high intense pulses. This would allow system lifetime extension by perma-
nent operation. Design conclusions for further development of a space-borne
OFC are drawn and a development roadmap is established in the conclusion.
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1.2.2. Optical Fiber Sensing Development

The main objective of the work on optical fiber sensing (OFS) is to identify
the potential benefits of fiber optic instrumentation for launchers (e.g. Ariane,
Vega) and to demonstrate the feasibility and functional performance with a
representative interrogation demonstrator. Therefore an interrogator based on a
modulated-grating tunable laser diode is developed and functionally tested. A
measurement accuracy below +0.5 K and a sensor sample rate of up to 10 kHz
is achieved, which is comparable to existing conventional instrumentation
and fulfills the performance requirements for temperature sensing on board
launchers. New measurement algorithms, peak-tracking and time-of-flight, are
developed in order to enhance the measurement performance. A roadmap for
further development of the scanning laser based interrogator is given in the

conclusion.

1.3. Outline

In chapter 2, the implementation of an OFC inside an optical atomic clock
(OAC), which is one main application of an OFC, is described. First, optical
atomic clock technology is introduced in section 2.1. The principle architecture
of OACs and differences between single-ion and lattice clocks are explained in
section 2.2. An all-optical atomic clock based on clock stabilization using an
OFC is illustrated in detail in section 2.3. In section 2.4, the requirements for an
OFC to be used in an OAC are given. Simulation results shown in section 2.5
demonstrate the positioning performance benefits of OACs operated in global
navigation satellite systems (GNSS).

Chapter 3 treats linear and non-linear optical phenomena in view of metro-
logical purposes. In section 3.1, the differences between linear and nonlinear
optics are described. Second harmonic generation is introduced and related to
applications in OFC and OAC technology in section 3.2. Furthermore, intensity
dependence of optical material properties are summarized and resulting effects
that enable mode-locking are explained in section 3.3. The theoretical princi-

ples of phase matching are shown in section 3.4. The basics of multiple wave



1.3. Outline

interferences as they occur in OFC and in OFS are derived in sections 3.5 and

3.6 and illustrated by simulation results.

The theory of OFC generation and stabilization is outlined in chapter 4. The
optical frequency comb is defined in section 4.1. Optical frequency measure-
ment based on heterodyne beat detection is explained in section 4.2. Section
4.3 shows the general architecture of an OFC. The core element of an OFC is
the ultra-short pulsed laser. Alternative designs and mode-locking principles
of this element are described in section 4.4. OFC stabilization based on f-2f

interferometry is discussed in section 4.5.

Optical fiber sensing (OFS) is introduced in chapter 5. The main advantages
of OFS for spacecraft monitoring are given in section 5.1 and the principle of
tiber Bragg grating (FBG) based sensing is outlined in section 5.2. Different
interrogation technologies are introduced in section 5.3 and the technology of
MG-Y lasers is presented in section 5.4.

Chapter 6 points out the characteristics of developing systems for space appli-
cations. Section 6.1 outlines the characteristics and constraints of developing
space-borne systems. The space radiation environment and its effects on electric
and optical components are illustrated in section 6.2. Issues due to microgravity,

vacuum, shock and vibration are outlined in sections 6.3 and 6.4.

The development of OFC technology for space applications which has been
carried out in the frame of this work is described in chapter 7. In section 7.1, a
trade-off between the available technologies from the space engineering point
of view is carried out. Two laser systems based on mode-locking principles non-
linear polarization rotation and SESAM based soliton generation are described
in section 7.2. Test plans and test environments that have been established are
shown in section 7.3. Thermal-vacuum tests have been carried out in section 7.4
in order to identify the temperature range in which the lasers are able to operate.
The measurement results are compared with thermal simulations for verifica-
tion. The results of extensive Gamma radiation test series are summarized in
section 7.5. Three different test setups have been used in order to investigate

the important effects of radiation on mode-locked fiber lasers during operation.

In chapter 8, the development of the scanning laser breadboard is summarized.

A trade-off between interrogation technologies in view of implementation in
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space is given in section 8.1. The interrogation principle of the chosen scanning
laser system is explained in section 8.2. The hardware architecture based on a
DSP and FPGA controlled MG-Y laser diode is shown in section 8.3. Section
8.4 describes the characterization of the interrogation setup and the reason
for non-equidistant sampling. The soft- and firmware architectures based on
the developed peak-tracking and time-of-flight algorithms are demonstrated
in section 8.5. The evaluation of tests carried out with the scanning laser

interrogation system are outlined in section 8.6.

The conclusion of this work is given in chapter 9. The results of OFC develop-
ment and the roadmap for further development towards a space borne system
are summarized in sections 9.1 and 9.2. Scanning laser development results and

the roadmap for further development are discussed in sections 9.3 and 9.4.



2. Optical Atomic Clocks in Space -

Motivation for Future Missions

This chapter introduces the principles of optical atomic clocks (OAC). First,
OACs are introduced generally in section 2.1 and their operation principles are
explained in section 2.2. A possible setup for an all-optical atomic clock based
on an optical frequency comb (OFC) is illustrated in section 2.3. Requirements
for OFCs to be used as clockwork in an OAC are outlined in section 2.4. Finally,
in section 2.5, potential benefits using OACs in satellite navigation systems

which is one major space application are summarized.

2.1. Optical Atomic Clock Technology

Any type of clock consists of an oscillator that produces pulses at a constant
rate and a counter that adds up the single pulses of the clock oscillator [10].
Pendulum clocks for example use the swinging of a pendulum as clock oscillator
and a mechanical clockwork rotates the clock hands which together with the
clock face form the counter. The term optical atomic clock (OAC) refers to a
type of clock of which the oscillator is frequency-coupled to an optical transition
of a reference particle [147]. An ultra-stable laser serves as the oscillator that
probes this atomic transition. For many applications however, the stability
and accuracy of the optical frequency of the laser has to be converted to the
radio-frequency regime in order to allow signal processing by electronic means.
Therefore the optical frequency comb servers as "gear-box" and transfers the

optical into a radio-frequency.

The high optical frequency of the oscillator in the hundred Terra-Hertz region
in principle allows very accurate measurement of time. Compared to todays

standard, the oscillator frequency of an optical standard is roughly by a factor
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of 50000 higher than that of the cesium standard. This is comparable to the
difference between a pendulum clock that oscillates once a second and a quartz
clock with an oscillation frequency of approximately 33 kHz.

Figure 2.1 shows the development and improvement of microwave and optical
standards for the last decades. Recently optical standards have been produced
that have higher stability and accuracy than the current microwave fountain
standards (e.g. NIST-F1). This goes along with the problem that the second
as defined internationally by the cesium clocks can no longer be used for cal-
ibration and comparison of newly developed optical standards. Two optical
standards have to be compared mutually, when their accuracy exceeds the mi-
crowave standard unless the second is redefined by means of optical standards
[63].
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Fig. 2.1.: Overview of the improvement of clock stability over the last decades
according to [88]. Optical standards show a steeper gradient indicating

that their development progress is higher.

The higher accuracy and stability of optical standards gives rise to numerous
applications e.g. verification of fundamental physic laws and constants [147],
enhanced optical communication or improved global navigation satellite sys-
tems (GNSS). The latter application, and the possible improvements that can be
achieved by the use of optical clocks are described in chapter 2.5.
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2.2. Operation Principle of an OAC

The main subsystems of optical atomic clocks (OAC) are a trap which confines
the reference particle(s), an ultra-stable clock laser that probes the reference
particle(s) and an optical frequency comb that transforms the optical frequency

of the clock laser and its stability and accuracy into the radio frequency domain
[111][61].

OAC technology can be divided into two categories, the first type is based on a
single ion trapped in an electromagnetic field, whereas the other type confines
a high number of neutral atoms in an optical lattice. The most accurate and
precise clocks are quantum logic clocks based on Mercury and Aluminum ions
[26][150][80]. This type of OAC has a higher complexity since an additional
ion is trapped that is required for cooling and clock transition probing [162].
Therefore quantum logic clocks are not considered for further development
towards a space-borne system within this work. An overview of systems that

could be developed for operation in space is given in [61], [32] and [62].

Although single-ion and optical lattice clocks are rather different from each
other, the basic operation principle is the same: The reference particle is confined
in a laser cooled trap. As long as the particle is in its ground state, laser cooling
yields fluorescence that is monitored by a photo detector. An ultra-stable
laser probes an optical transition of the reference particle. If the probe laser
frequency matches the transition frequency, the particle changes to a different
energy level. At this upper state, the laser cooling fluorescence disappears.
Thereby it is monitored if the clock laser frequency matches the particle(s)
transition frequency [113]. A feedback electronic continuously tunes the clock
laser frequency such that the single reference particle is excited with highest
probability in the case of a single-ion clock, respectively that the majority of
all particles is excited in the case of an optical lattice clock. The probe laser
frequency is then transferred to the rf-region by an optical frequency comb in
order to achieve an all optical self-stabilizing clock (see section 2.3).
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Clock laser
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Fig. 2.2.: Principle block diagram of an optical atomic clock (OAC). The refer-

Trap

&—~~0O

ence particle(s) are confined in a laser cooled trap. Feedback electronics
tunes the clock laser frequency such that it matches the reference transi-
tion of the particle(s) and the particle is excited. The optical frequency

comb transfers the clock laser frequency to the rf regime.

The detailed setup of an optical clock is determined by the reference particle(s).

The main criteria for the choice of a reference atom are:

¢ The optical reference transition has a very narrow bandwidth and therefore
along upper-state lifetime, also called a meta-stable or forbidden transition.
According to [147] the lifetime 7 of a transition is reciprocally proportional

to the linewidth of the transition Aw

Aw=1/. 2.1)

10
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A long upper-state lifetime allows a long interrogation time and yields a

narrow frequency linewidth.

¢ Additional transitions that can be used for laser cooling are available.
The atom has to be confined to a spatial region at the size of the probe
wavelength [113]. This is achieved by a combination of electromagnetic or

magneto-optic traps and laser Doppler cooling.

¢ All wavelengths used for probing and cooling have to be accessible by
means of lasers. For the development of space borne optical clocks, the
types of required lasers have to be able to cope with the environmental
conditions e.g. vacuum and radiation. Therefore diode, fiber and other

solid state lasers are preferred (see chapter 6).

Figure 2.3 shows a simplified energy level scheme of a Strontium ion clock

as example [62]. Additionally to the reference transition, that is probed by

2
Pa-"z B
1033 nm
2
P,, = clearout laser
“\ QD .
repumping laser 5
422 nm D
cooling laser o
clock transition
2 L
81.s'2

Fig. 2.3.: Simplified transition scheme of a Strontium ion. Clock, cooling, clear-

out and re-pumper transition are shown [62].

the clock laser at a wavelength of 674 nm, three other laser wavelengths are
required. A wavelength at 422 nm is used for laser Doppler cooling. With a
probability of ~ 8%, the ion decays to the meta-stable level D5, from the upper
cooling state 2P, » (dashed line). Therefore a repumping laser at 1092 nm is

11
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used to ensure continuous operation. Furthermore a clear-out laser (dotted line)
at a wavelength of 1033 nm returns the ion into the ground state after the clock
transition has been probed.

Clock Laser

Atomic transitions of the reference particles have linewidths at Hertz level or
below. In order not to lose accuracy when probing the transition, the probe laser
also needs a linewidth lower than one Hertz [114]. State of the art commercially
available diode and solid-state lasers have linewidths of several hundred Hertz
to mega Hertz. Therefore special techniques have been developed for achieving

such narrow linewidths mainly due to reduction of noise from different sources
[187].

EOM beam splitter

=Pl W—

[
:

faraday A/d refgrence
laser diode isolator cavity
modulation
oscillator
Eref (C())
phase photo
delay ﬁ diode
amplifier ~ low pass

) :D C
mixer

Fig. 2.4.: Pound-Drever-Hall locking for laser stabilization [17]. An electro-

optical modulator shifts the laser frequency towards a cavity mode.
The mixed signal is measured and a feedback control loop locks the

laser to the cavity mode.

Commonly the laser is stabilized to a high finesse optical cavity to achieve
high short-term stability [5] by the Pound-Drever-Hall locking technique [35].

12
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An electro-optic modulator (EOM) is used to tune the laser frequency. If the
frequency of the laser matches one resonance frequency of the cavity, the re-
flected intensity shows maximum magnitude. Mixing the modulating signal
of the EOM (usually of sinusoidal form) with the intensity signal measured by
a photo detector yields the difference frequency of both input frequencies as
error signal. This signal is low-pass filtered and fed back to the laser in order to
achieve locking (see figure 2.4).

The cavity is made from ultra-low expansion (ULE) glass, which is designed to
have a low thermal expansion coefficient over a temperature range of 5 to 35°C.
Finesse values in the order of 10° have been demonstrated [62]. Thereby the
clock laser reaches high short term stability in the millihertz region [155], when
the cavity is decoupled from environment. The cavity is located inside a thermal
vacuum chamber, temperatures are thus efficiently kept constant. Vibration
damping is achieved by implementing the thermal vacuum chamber which
includes the reference cavity into a vibration insulated box that is damped by

e.g. rubber foots.

Laser Doppler Cooling

All trap systems operate in vacuum in order not to suffer from collision of the
particle(s) under test with surrounding gas atoms. Trapping is always combined
with cooling, since a trap only works efficient if the trapped particles have a

low temperature and thereby avoid frequency shifts.

The temperature of a particle in a gas is determined by its random motion. The
higher the velocity of the particle, the higher is its temperature. If a photon hits
the particle and is absorbed, the particle changes to a higher energy state (one
electron changes into a higher electron shell). Through spontaneous emission,
the particle sends out a photon and changes back to its original lower energy
state. Irradiating a particle with a laser beam at suitable wavelength results
in sequenced absorption and emission of photons. The momentum which is
transferred to the particle during the absorption of a photon always points in
the same direction thereby slowing down the atom in direction opposite to the
beam of the cooling laser. The spontaneous emission of a photon does not show

a preferred direction and the transferred momentum acts in random direction

13



2. Optical Atomic Clocks in Space - Motivation for Future Missions

each time a photon is emitted. Thereby the net momentum transferred to the
particle due to spontaneous emission after many repeated photon emissions
approaches zero [141].

Photon Ton

W\

<l

— A
v-AV

Fig. 2.5.: A photon of the cooling laser beam in x-direction is absorbed by the
ion and emitted by spontaneous emission in random direction. Many
absorption - spontaneous emission cycles result in a deceleration of

the particle in x-direction.

The continuous process of absorbing photons in fixed direction and emitting
photons in random direction reduces one component of the velocity vector
of the particle, the one that points opposite to the cooling laser beam. If the
frequency of the cooling laser matches the resonance frequency of the cooling
transition of the particle, photons of the laser beam can be absorbed by the

particle. Since the particle is in motion during the cooling process, its transition
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2.2. Operation Principle of an OAC

frequency is shifted due to the Doppler effect [141]. In order to slow down a
particle in the direction opposite to the laser beam, the laser frequency has to be

shifted by the same amount thereby allowing the particle to absorb photons.

In figure 2.6 two counter propagating laser beams are shown that have a red-
shifted frequency compared to the cooling transition frequency. Thereby the
force which can be applied by one of the lasers to the particle is maximum when

the particle moves towards the respective laser beam.

4+ Force

Velocity

Fig. 2.6.: Laser cooling by two counter-propagating laser beams slows down

one component of the velocity vector of the particle [94].

The use of e.g. three laser beams pointing in three spatial directions allows
to slow down a particle in three dimensions. Since thermal atoms have a
momentum that is orders of magnitude higher than that of a single photon,

cooling of an atom requires many absorption - emission cycles.

Laser cooling requires particles that show a two level absorption meaning that
the photon which is absorbed and the photon which is emitted have to have
the same energy. The result is that the particle switches continuously between
two states during the cooling process. If in real systems the particle changes
by incident to a state where the cooling laser photons cannot be absorbed, an
additional re-pumper laser is necessary. Re-pumping brings the particle back to
its defined state thereby allowing the cooling process to be enabled again [62].

Trap techniques that use cooling lasers confine particles to less than one opti-
cal wavelength of the probe laser [112]. Thereby the absorption of the clock
transition does not show any Doppler shifts in first order. The above described
laser Doppler cooling is able to reach temperatures down to hundreds of micro

Kelvin.
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Single-Ion vs. Optical-Lattice Trap

Since ions are charged particles, they can be seen as having a "handle" where
they can be held. This effect is used in Paul- or Penning-type ion traps, where a
time-varying electric field (in the case of a Penning-type trap in combination
with a homogeneous magnetic field) builds a potential that confines the ion
locally [136]. In principle the same kind of trap can be used for several different
ions, but amplitude and frequency of applied voltages (and of magnetic fields
if applicable) have to be adapted according to mass and charge of the particle.
Different designs have been developed reaching from complex three dimen-
sional trap electrode-structures to simpler linear traps that allow easier particle

loading and enhance laser cooling and measurement access [112].

In an optical-lattice clock, a magneto-optical trap is deployed. An optical lattice
is created by a standing laser wave that creates potential wells and a spatial
varying magnetic field. A Zeeman shift [49] in the atomic levels is thereby
implemented that increases with the radial distance from the center of the
trap. The idea of magnetic trapping is that in a magnetic field, an atom with a
magnetic moment will have quantum states of which the magnetic or Zeeman
energy increases with increasing field [141]. Thereby the cooling transition
of the neutral atoms is shifted towards the frequency of the cooling laser, as
an atom moves away from the center of the trap. In order to compensate for
the interaction of the atoms with the lattice laser light, the lattice wavelength
is tuned such that the introduced shift of both energy states of the reference
transition is equal [138]. At this so called "magic wavelength" the reference
transition of the atoms can be probed by the clock laser and the level shift due

to the lattice laser interaction cancels out.

2.3. All Optical Atomic Clock based on an OFC

With the aid of an OFC, the accuracy of an optical frequency standard can
phase-coherently be transferred to the rf domain. Therefore a setup according

to figure 2.7 based on [33] can be used.
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Fig. 2.7.:In an all-optical atomic clock, the repetition frequency of the OFC
is locked to the frequency of the clock laser which itself is locked to
the atomic reference frequency. Thereby the frequency of the optical

standard is converted error-free to the rf output.

The frequency f, of the comb line number ¢ is according to equation 4.1 de-
termined by f, = ¢ - frp + feeo- Therein two frequencies, the repetition rate
frep and the carrier envelope offset f.., indicate the spacing between and the
common offset to all comb lines respectively (see sections 3.6 and 4.1 for details).
According to section 4.5, the repetition rate f,., is accessible by photo detection
of the OFC output pulse train whereas the carrier envelope offset frequency f..,
is obtained by f-2f interferometry. In order to achieve highest performance using
an all-optical-clock approach, f,., and f.., are locked to the optical standard f,,

as explained hereinafter.
The frequency of the optical standard f,, is optically beated with one comb line
fm yielding

fbeat:fos_fm:fos_m'frep_fceo~ (22)

The OFC parameters f,., and f.., are adjusted by variation of the piezo voltage
Upiezo that holds one cavity end mirror and the pump laser diode control current
Lyump- Two phase frequency detectors (PFD) combined with pre-scalers are
implemented, that lock the phases of the two beat signals f.., and fie. to the
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2. Optical Atomic Clocks in Space - Motivation for Future Missions

phase of the repetition rate f,., according to

N
fceo = f : frep (23)

and

fbeat = ]l\? : frep (24)

wherein L, M and N are integer values of the pre-scalers. Thereby the two con-
trol loops of figure 2.7 are closed. The control loops are similar to phase locked
loops (PLL) whereas the laser oscillator acts as voltage controlled oscillator
(VCO) which is implemented in a standard PLL [12].

Inserting equations 2.3 and 2.4 into equation 2.2 yields

Jos

Jro = ML+ NJL

(2.5)

Equation 2.5 shows that the frequency of the optical standard f, is transferred
to the electrical frequency f,., by the setup shown in figure 2.7. The unknown
value of the mode number m can be obtained by a procedure described in
section 4.2. Thereby all frequencies of the all-optical OAC setup are referenced
to f,s without the need of any external frequency reference. The repetition rate
of the OFC serves as rf output signal of the OAC.

2.4. OFC Requirements

This section summarizes the main points which characterize an appropriate
OFC that can be used in an OAC setup. Professor Schiller who is the project
leader of the Space Optical Clocks (SOC) project [161] from the University
Diisseldorf kindly provided these requirements. References for confirmation of

teasibility of compliance when using a fiber-based laser is given for each point.

* Stability requirements
Maximum carrier-envelope and repetition frequency cycle-slip rate of
2119 (frequency deviation of 1 mHz) [174][108].

1000s

¢ Line width of OFC lines
Maximum line width of a single frequency comb line < 1 Hz, if the comb
is phase stabilized to a clock laser with a line width of < 1 Hz. [173].
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* Power per comb line
Minimum power of 0.1 W per comb line (only necessary for the measure-
ment line and not for each line of the whole comb) [158].

¢ Comb line spacing
High power per line results in improved beat signal between the clock
laser and the comb. High repetition rates from 250 MHz to 1 GHz yield
high line powers [172].

* OFC frequency range
The optical frequency comb shall span a frequency range wherein the
corresponding optical clock transitions lies. Today’s laboratory OACs [62]
work at different transition wavelengths: 698 nm (neutral Strontium), 689
nm (Sr+ Strontium ion), 871 nm (Yb+ Ytterbium ion), 1156 nm (neutral
Ytterbium). Frequency conversion (see chapter 3) of the OFC output might

be necessary to obtain comb lines near the actual clock laser frequency.

2.5. Optical Atomic Clocks for GNSS

Optical frequency measurement based on OFCs has application possibilities
reaching from astronomical spectroscopy [169][105] over high accurate distance
measurement [11][194] for e.g. satellite formation flights to clockwork operation
inside an optical atomic clock [159][190][160]. The latter is the OFC application
that is in view of this work and was examined in a DLR study carried out by
Professor Hugentobler (see annex A.1).

Clocks play a fundamental role in global satellite navigation systems (GNSS)
[120]. As GNSS is a one way measurement system based on light travel time
measurement. The emitter on board the satellite and the receiver on ground
have to be equipped with clocks. The key of GNSS is the fact that simultaneous
measurements of signals from several satellites allow a synchronization of all

clocks.

Satellites are equipped with atomic frequency standards. The second Galileo
test satellite - GIOVE-B - launched in 2008 carries a passive hydrogen maser,
currently the most stable clock in space [148]. Future satellites of the Galileo
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and GPS systems could carry optical clocks with even higher performance in
order to enable more accurate positioning.

In order to investigate the impact of clock modeling and prediction for ultra-
stable clocks, simulations were performed in the frame of a DLR project (see
annex A.1). The GNSS Bernese [9] simulator generated dual-frequency observa-
tions based on realistic orbit, troposphere delay and antenna errors. Different
scenarios have been taken as basis for the simulations. A space segment of 32
satellites and a ground segment of 15 resp. 6 stations equipped with either Ru-
bidium atomic frequency standards (RAFS), passive Hydrogen masers (PHM),
active Hydrogen masers (AHM), space optical atomic clocks (SOAC) or ground
optical atomic clocks (GOAC) were assumed. The accuracies and stabilities
of RAFS, PHM and AHM were assumed to equal devices that are currently
in use on board GPS and Galileo satellites. For SOAC and GOAC devices,
expected values were taken from the Einstein Gravity Explorer proposal [160].
Simulation results for clock modeling and epoch-wise estimation are listed in
table 2.1.

Tab. 2.1.: RMS of alongtrack orbit prediction errors of all satellites after 10 days
for scenarios with modeled clocks and with epoch-wise estimated

clock corrections.

Scenario Clocks modeled (Cltedis estlr.nated
epoch-wise
Space Clocks - Ground Clocks RMS error [m] RMS error [m]
32 RAFS - 15 RAFS 780 m 110 m
32 PHM - 15 AHM 80 m 110 m
32 SOAC -15 GOAC 40 m 110 m
32 SOAC -6 GOAC 170 m 1200 m

While estimated GNSS orbits are independent from the performance of used
clocks if the clocks are synchronized epoch-wise, clock modeling improves the
orbit prediction if stable clocks such as Hydrogen masers and optical atomic
clocks are used. Results are degraded, on the other hand, if the system is

20



2.5. Optical Atomic Clocks for GNSS

operated with clocks that do not allow linear modeling over one day such as
Rubidium clocks. A significant gain is achieved through clock modeling of
stable clocks for a sparse tracking network, a result that may be of interest for
the design of the ground system for future satellite navigation systems. With as
few as six sensor stations similar results are obtained as for 15 sensor stations
with epoch-wise clock estimation. This reduction of ground stations by a factor
of more than two would significantly reduce efforts and costs for operators of a
future GNSS based on optical atomic clocks.
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3. Metrology Based on Linear and
Nonlinear Optics

Within this chapter an introduction of the theory behind the linear and non-
linear optical effects that enable optical frequency comb generation and optical
tiber sensing is given. The difference between linear and nonlinear optics is
described in section 3.1 and optical non-linearities that arise from the interaction
of high intense light and materials showing special properties are examined
in sections 3.2 throughout 3.4. Constructive interference of monochromatic
waves responsible for fiber Bragg grating based sensing and ultra-short pulse

generation are theoretically introduced in sections 3.5 and 3.6 respectively.

3.1. Nonlinear vs. Linear Optics

Nonlinear optics is the field of optics in which the response of the polarization
density P to the electric field E is nonlinear. This gives rise to several differences

compared to linear optics [151][20]:

* The refractive index and other properties of optical media are dependent
on light intensity.

* The principle of superposition is not valid for nonlinear optical media.
* The frequency of light changes when it passes a nonlinear optical medium.
* Interaction of two light beams is possible inside nonlinear optical media.

Nonlinear optics does only occur inside media, such media are therefore called
nonlinear optical media and are characterized by a nonlinear relation between

the polarization density P and the electric field E.
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Fig. 3.1.: Relation between the polarization density P and the electric field £

indicates linear or nonlinear media according to [156].

Electric field strengths of optical waves are usually small compared to inter-
atomic fields even for focused laser beams. The relation between P and E is
therefore linear. The function that relates P and E can be enhanced to a power
series around E = 0 [37]

P=¢- (X(ng T ADER L O ) (3.1)
wherein y is the magnetic susceptibility and ¢, is the vacuum permittivity.

For convenience P is split up into linear and nonlinear terms

P="P, + Py (3.2)
with

P, = ey VE (3.3)
and

Py =¢o- (X(Q)E_»2 + X(B)E?’) (3.4)

when only second- and third order nonlinearities are considered.

Assuming an isotropic and homogeneous medium, the basic wave equation for
nonlinear media according to [156], [154] is
- 82E GQﬁNL

2 —
VIE — Sos = g (3.5)

wherein ¢ and i are the speed of light and the vacuum permeability respec-
tively. V denotes the Nabla-operator [143]. Equation 3.5 differs from the wave
equation of linear optics by the occurrence of the right hand side.
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3.2. Second-order Nonlinear Phenomena

Using the Born approximation [154], the right hand side of equation 3.5 is
considered as a light source S which is dependent on an incident electric field Ej.
The incident field in combination with the nonlinearity of the optical medium
thereby creates the radiation source S (Ey) which itself emits a new electric field
E}. Therefore a new radiation source S(E}) is built up radiating a field E,, and
so on. Using only the first step of iteration (so-called first Born approximation)
is adequate when light intensity is weak and therefore the nonlinear processes
are small. The first Born approximation is the simplified method used to
describe second- and third-order nonlinear optics. Light which is propagating
through a nonlinear medium as an electromagnetic wave having an electric field
vector E creates a radiation source S(E,) based on the nonlinear polarization
density Py;. Since S (EO) is a nonlinear function of EO, new frequencies are
created. The scattered (radiated) light with an electric field vector E; therefore
comprises frequencies which were not included in the initial wave of E,. Several
phenomena such as optical frequency conversion and wave mixing are the

useful result of nonlinear optics.

3.2. Second-order Nonlinear Phenomena

Within this paragraph optical media which show second-order nonlinearity at
the highest are considered. The nonlinear polarization density Py, of equation
3.5 reduces to [20]

Py = eox P B2 (3.6)

Second Harmonic Generation

The incident monochromatic wave E(t) is assumed to have a wavelength ) in

vacuum of
Ao = 2mcy/w (3.7)

wherein ¢ is the speed of light in vacuum and w = 27 f is the angular frequency

of the monochromatic wave. Assuming a complex amplitude E yields

E(t) = Re{E exp(jwt)} = L [E'exp(jwt) + E exp(—jut)| . (3.8)
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This results in a nonlinear polarization density Py, of

5. _ cox"?
NL 1

{252 + E? exp(j2wt) + (E*)2 exp(—ijt)]

[E exp(jwt) + E* exp(—jwt)] :

. (2)
Pyp = SLAS

. (2)
Py = =X

[52 + Re {E2 exp(j2wt)}] . (3.9)

The source S = J1o0? Pni / Ot? therefore radiates light at a frequency of 2w with

an amplitude of

M:4MM? (3.10)

ct

Common materials used as frequency doubling crystals are lithium niobate,
potassium titanyl phosphate and beta barium borate [37]. Second harmonic
generation is for example applied in f-2f interferometers (see section 4.5).

Three Wave Mixing

In the case that the electromagnetic field consists of two monochromatic waves

at angular frequencies w; and w; (w1 > ws), E (t) results in

E(t) = Re{| E1| exp(jwnt) + | Ea| exp(jwat) }. (3.11)

The nonlinear polarization component according to formula 3.6 yields

E\E} + EE}

+ Re{E7 exp(j2wit)}
Pyp = eox® 1/2 + Re{ E3 exp(j2wot)} (3.12)
+2Re{E 1 Ey exp(j(wy +w2)t) }
+2Re{Er B exp(ji(w1 — w2)t) }

Py contains five different components at frequencies 0, 2wy, 2ws, (w; + we) and

(Ldl — (.dg).

The radiation source S(E) according to Py, not necessarily radiates all of

these frequencies. Only frequency components for which the additional phase

26



3.3. Third-order Nonlinear Phenomena

matching condition is satisfied are radiated by the source (see section 3.4). Phase
matching can therefore be used to select the desired nonlinear effect, usually
either sum (w; + wy) or difference (w; — ws) frequency generation. Sum and
difference frequency generation is used for creation of wavelengths that cannot

be emitted by laser sources directly.

3.3. Third-order Nonlinear Phenomena

Within this section optical nonlinear media that show third-order nonlinearity

are observed. Their nonlinear behavior is described according to equation 3.4
by
Py =¢c0- XY E®. (3.13)

The incident monochromatic wave E is assumed to be
E(t) = Re{E exp(jwt)} = 1/2 [E exp(jwt) + E* exp(—jwt)] . (3.14)
This results in a nonlinear polarization density P;f 1, of

N (3)
Pyy = goX

Re {53 exp(j?)wt)} + S‘EFRe {E exp(jwt)}] : (3.15)

The source S therefore radiates light with angular frequencies w and 3w.

Optical Kerr effect

—

Inserting the above calculate nonlinear polarization component Py (w) into

formula 3.2 results in

P= (60 W+ 3505(3) ‘E‘2> Re {E_j exp(jwt)} + EOZ(B) Re {Eg exp(j?)wt)} :

(3.16)

This can be interpreted as an expansion of the linear polarization component

Pr, by a delta-susceptibility Ay

Pp=co (X" + Ax) E (3.17)
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wherein

_ Al

Ax (3.18)

Since n* = 1 + x, a change of Ay results in change of An = Ay/2n. Thus the

change in the refractive index according to [154] is

®)
An = ?1);2 ’;2 1. (3.19)

The result is an overall refractive index which is dependent on the optical

intensity I of the incident wave E

n(l) =n+nsl (3.20)
with
= 3x® o

This self-induced effect is called optical Kerr effect and causes an intensity
dependent phase velocity of the electromagnetic wave E(t). Optical media that

exhibit third-order nonlinearity are therefore also called Kerr media.

Self-Phase Modulation

The linear phase shift ¢ of light when it travels through a medium of length
lisp = —k -1 = —2mnl/\. Due to the optical Kerr effect (equation 3.20) an
intensity dependent phase shift of

Ap = —27TTL2L] (3.22)

Ao
is introduced which adds up to the linear phase shift. Thereby high intense
parts of a traveling pulse experience a higher phase shift than low intense
parts. Due to this self-phase modulation (SPM) a chirped pulse with altered

instantaneous frequencies as shown in figure 3.2 is generated [4].
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Fig. 3.2.: Self-phase modulation results in an intensity dependent phase shift.
Thereby the instantaneous frequency is altered such that the leading
and trailing edges are shifted to lower and higher frequencies respec-

tively.
Self-Focusing

A laser beam with a Gaussian transversal intensity distribution that travels
through a parallel plate consisting of a Kerr medium undergoes focusing. Due
to SPM the high intense center part of the beam experiences an additional phase
shift Ay according to equation 3.22. The parallel plate acts like a graded-index
medium. Since the intensity magnitude of the laser beam decreases with the
transversal distance from the center of the beam also the introduced phase
shift reduces with increasing distance from the beam center. SPM in the Kerr
medium thereby generates a converging lens for the transmission of the laser
beam. Kerr lens mode-locking described in section 4.4.3 uses the self-focusing
effect together with an aperture in order to build up an artificial saturable

absorber.

3.4. Phase Matching

Phase matching refers to fixing the relative phase between two or more fre-
quencies of light during propagation through a frequency conversion crystal
[181]. Supposed that the two monochromatic waves E, (w1) and Eg(wg), the
sum-frequency component Py (w; + w;) of equation 3.12 for example is only

generated if its corresponding wavevector lgsum is the vectorial sum of both
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wavevectors k; and ks of the incident waves [154]

Koum = K1 + ko. (3.23)

Since all optical media exhibit chromatic dispersion (i.e. the refractive index is a
function of frequency n = n(w)), equation 3.23 can be rewritten in dependence

of the angular frequencies and the refractive indexes

WsumMsumUsum = W1N1UI + WaNgUs. (324)

wherein the unit vectors ,,,, @ and i, point in the propagation direction
of E.um (Wsum), E, (wy) and E, (w2) respectively. Only if this vectorial phase
matching condition is satisfied along with the sum-frequency condition wg, =
wy + wq of equation 3.12, the source S (E) emits light at wavelength wg,,,. The
generated wave Esum(wsum) then also interacts with the incident waves E, (wr)
and Eg (w2) thereby creating difference frequencies wy = Wy, — wy and wy =
wWsum — w2 because the phase matching condition is already fulfilled. These
nonlinear processes of mutual interaction of three waves are subordinated to
the concept of three-wave mixing. The nonlinear medium of second-order
thus can be used to mix three waves and thereby enable sum-frequency and

difference-frequency generation as described in section 3.2.

In order to achieve phase matching condition, two ways are used in practical
work [156]:

* Adjustment of the angles of propagation vectors of incident waves. This

method works with isotropic and anisotropic materials.

* Exploiting birefringence in anisotropic media allows to phase match inci-
dent waves by adjustment of their polarization directions with respect to

the optical axis of the nonlinear medium.

If not the sum-frequency but another component of equation 3.12 shall be

generated, phase relations have to be adapted accordingly.

Quasi-Phase Matching A phase mismatch Ak = [ (121 + Eg) £0 yields
a reduced wave-mixing efficiency, because different positions within the inter-

action volume of the nonlinear medium radiate with different phases. Since
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all radiation source points contribute to the common generated field, phase

mismatch causes a reduced intensity of the radiated wave Esum.

In order to fulfill the phase matching constraints, the mismatch Ak can be
compensated using a medium with position dependent nonlinearity [181].
Thereby a periodic phase direction change aligns the different distributed
radiation elements. In case of a collinear propagation in = direction, a position
dependent nonlinear coefficient d(x) in the form of a harmonic function d(z) =
do exp(—jdz) would ideally eliminate the phase mismatch [154]. In praxis a
simpler periodic pattern that alternates between to constant values y® = +yq

and x® = —xj, a phase grating, is used. The grating period A is chosen to

A =2mm/Ak (3.25)

wherein m is an integer multiplication factor for the grating period. The fab-
rication of such a periodic nonlinear structure can be achieved by applying
an alternating electric field during crystal growth that alternates the resulting
permanent electric polarization direction of the crystal [119]. Periodically-poled
Lithium Niobate (PPLN) is one well known frequency conversion crystal that
is built by this technique. The technique is called quasi-phase matching (QPM).

3.5. Interference of Multiple Waves with Equal

Phase Differences

A monochromatic wave Ej, that is reflected by a dielectric mirror (e.g. a SESAM

or a fiber Bragg gratmg) is determined by the interference of M/ monochromatic

waves El, Eg, Eg, E . EM superimposing to the reflected wave E
M —
=Y En(z) (3.26)
with
Ep(z) = Eyp exp(j(kz — mp)). (3.27)

2mn

DY
wavelength \. my is the phase shift between the reflected wave Em and the

The wave number k = is determined by the refractive index n and the
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initial wave Ey. The phases of two waves reflected from two consecutive layers
at normal incidence angle differ by a constant value ¢ = 2kd, wherein d is the

distance between two consecutive layers.

The amplitudes F,, of the reflected fractions are assumed to successively de-
crease after each reflection at a grating or mirror layer:

M
Ep= > rE(1—r)"" (3.28)
m=1
wherein a constant layer reflection coefficient r is assumed.
2

The reflected intensity I = |E,|” assuming a layer separation of d yields
M 2
I= <lz rEy(1—r)™"" - sin (27;\”(:16—m~2d)>] > (3.29)
m=1

wherein (-) denotes time averaging.

Numerical simulation with an initial amplitude of Ey = 1, a number of M = 10*
layers, a reflection coefficient r = 6 - 107°, a refractive index n = 1.5 and a layer

separation of d = 517 nm yields an overall reflection shown in figure 3.3.
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Fig. 3.3.: Simulation results of interference of 10* waves that have a constant
phase difference. This could for example be the reflected intensity of a

tiber Bragg grating.

The reflected intensity I reaches its maximum when the wavelength ) is an
integer multiple of the grating period d. The simulation parameters have been

chosen to match the values for fiber Bragg grating (FBG) sensors (see chapter
5.1).
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3.6. Interference of Multiple Waves with Equally

Spaced Frequencies

Ultrashort pulses are generally generated by the interference of a large number
of monochromatic waves. Assuming on odd number of waves M = 2L +1, each
with intensity I, and zero phase and spaced by a constant frequency interval of

fa centered around a frequency fr results in a complex wavefunction

E(t)= Iy 3. explj2n(fr + kfa)t). (3.30)

k=—L
The according intensity can be calculated as geometric series [154] to

sin? (M7t fa)
I = ]02—
sin® (7t fa)

(3.31)

Figure 3.4 shows simulation results of equations 3.30 (blue) and 3.31 (red) for a

superposition of ten modes with equally spaced frequencies.

E(t), 1(t)

]

ol il

7 > ¢

Fig. 3.4.: Simulation results of mode-locking. Ten frequencies that are equally
spaced have been simulated. The blue graph shows the result of
formula 3.30, the red graph shows the intensity envelope according to

formula 3.31.

Figure 3.4 shows that consecutive pulses have equal envelopes but different

carrier waves. This carrier-envelope offset (see also chapter 4.1) is due to the
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3. Metrology Based on Linear and Nonlinear Optics

physical effect that the carrier wave and the envelope propagate with different
velocities v, and v,. Denoting the absolute value of the wave vector as k£ and

the angular frequency as w yields

0
vp = % and v, = a—zlj (3.32)
Inserting v, into v, and using k& = 27/ results in
Vg = a(g;p) = v, + kGE,
vg=vp = A%E = & - X & (65) (3.33)
g9 P ) n(\) ax \n(n) /> :

c on(A
vy = (n () +\- 25

Insertion of the wavelength dependent refractive index n(\) according to the

Sellmeier equation [29]

3 2 1/2
n(\) = <1 + Z A2AA2> (3.34)

into formula 3.33 and calculation of the corresponding phase and group velocity
of e.g. fused silica Si0, (A; = 0.6962, A, = 0.4079, Ag = 0.8975, By = 68.4 nm,
By = 116.2 nm, By = 9896.2 nm) yields

vp (1550nm) = —

c ~ 8m
(1550nm) 2.08- 10 s

(3.35)
vy (1550nm) ~ 2.05 - 1082

This difference between the carrier and the envelope velocity results in a phase
delay Ay, between carrier and envelope for each pulse, which can be seen in
tigure 3.4 [195]. A, results in an offset frequency f.., to the entire frequency
comb [122][195]:

Apee
27

fceo = frep (336)

wherein the repetition rate f,., = v,/2L is determined by the group velocity v,

and the (linear-) resonator length L (see chapter 4.1) [146].
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Within this chapter the technology of optical frequency combs (OFC) is intro-
duced. The definition of an OFC is given in section 4.1. In section 4.2 the
principle of optical frequency measurement by heterodyne beating is illustrated.
Section 4.3 outlines the general architecture of an OFC. The femtosecond laser
which is the core element of an OFC is explained in detail in section 4.4 and

means of OFC stabilization are given in section 4.5.

4.1. Optical Frequency Comb Definition

The optical frequency comb (OFC) is an instrument to access the frequency
of light in a direct way. The frequency of light is not accessible by means
of electronic measurement devices. Beating of neighboring frequencies is a
way to yield beat signals at lower frequencies. Prior to the invention of the
OFC, frequency measurement chains [53][196] that operate several frequency
transformation stages consecutively have been used to measure the frequency
of lasers. In most cases, when high accuracy of frequency measurement is
not required, optical spectrum analyzers are used to measure the wavelength
of light instead of its frequency. The accuracy is limited by the wavelength
measurement which is usually based on optical refraction in order to determine
the angle of diffraction and calculate the wavelength thereof. The frequency is
then calculated by f = ¢/\. The invention of the OFC lead to a new approach
allowing to determine the frequency of light directly without making a detour

by wavelength measurement.

An OFC is named after its optical output spectrum which has a comb structure.
Figure 4.1 shows a principle OFC in the spectral domain. It consists of equidis-

tant frequencies separated by intervals of f,.,. All frequencies share a common
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offset f.., [195].

The frequency of every "tooth" of the OFC and thereby the entire comb is
characterized by only two parameters: the frequency spacing f,.,, and the offset
frequency f..,. By stabilization of f.., and f,.,, the frequencies of all comb lines
are kept constant and the frequency of the g-th tooth is determined by:

quQ'frep+fceo (41)
wherein ¢ is the consecutive number of the comb line, also called mode number.
E(f)

y

fq =q- frep + feeo

/
il |
|| : |||,f

-] e

frep

Fig. 4.1.: An optical frequency comb is an optical spectrum consisting of a
series of equidistantly spaced laser lines. The extrapolation of the
mode frequencies towards lower values shows the offset frequency

feeo Which can be interpreted as an offset of the entire spectrum.

4.2. OFC based Optical Frequency Measurement

An absolute frequency of a coherent and thereby narrow-band light source like
a laser can be determined by heterodyne detection [185][195]. Optical hetero-
dyne detection is based on the superposition of two monochromatic waves of
different frequencies on a photo detector. The intensity I of a monochromatic
wave equals the absolute square of its complex electromagnetic field E: I = |E|*.
The complex representation of the electric field, according to the definition in

chapter 3, is

E(t) = E, - . (4.2)
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4.2. OFC based Optical Frequency Measurement

Heterodyning of two monochromatic waves £, and £, with angular frequen-

cies wy and w, yields

E(t) = E,\(t) + Es(t) = Egy - /1" + Egy - €7, (4.3)

The intensity of the heterodyne signal results in

I(t) = B¢y + Ejy + 2E ¢ Egy cos [(wy — w2) 1] (4.4)

Thereby a time-varying signal with a beat frequency of wyeer = |w1 — wo| is
generated. The closer the two superimposed frequencies are, the lower becomes
the beat frequency. This low frequent intensity oscillation can be detected by
a photo detector and measured by electronic means. Figure 4.2 illustrates the
generation of a low frequency beat signal between an unknown laser frequency
and an OFC.

E
) B c
q

fbeat

Fig. 4.2.: Optical frequency measurement based on heterodyne beating of two
laser beams with nearby frequencies. An OFC provides many equidis-
tant spectral lines and is therefore also called an optical ruler. Beating
of an unknown frequency f,, with one of the comb lines f, results in an
intensity modulation at a frequency fi..: that is measurable by a photo
detector.

An unknown frequency f, within the output spectrum of the OFC beats with

nearby frequencies of the comb spectrum. The presence of more than one refer-

ence frequency (comb line) induces superposition of different beat notes (see
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also figure 4.15. Because of this, the electric signal at the detector output is low
pass filtered in order to select the beat note with lowest frequency. The lowest
beat frequency always results from heterodyning of the unknown frequency
fu with the closest comb line f,. Therefore this fundamental beat frequency
freat, generated when beating f,, with the entire OFC output spectrum, has a
maximum value of f,.,/2. Implementation of an electric low-pass filter with a
cut-off frequency of f,.,/2 therefore eliminates all higher frequencies and only
Jreat appears at the low pass filter output. Thereby the unknown frequency f,

can be calculated by

fbeat = |fu - fql = fu = fq + fbeat - (q : f?"ep + fceo) + fbeat- (45)

Upon f,e, and f.., have been stabilized, only the integer mode number ¢ has
to be identified in order to calculate f,. Measuring the wavelength ), of the
unknown signal with a high resolution optical spectrum analyzer would for ex-
ample allow to estimate the unknown frequency to f,, ~ ¢/\,. Assuming a mea-
surement accuracy of A\ = 0.1 pm at an absolute wavelength of A\, = 1550 nm
would result in a frequency uncertainty of approximately Af = 12.5 M Hz. The
mode number n of an OFC with a repetition rate of 100 MHz could therefore be
determined with high certainty except fi.q: lies between 44 MHz and 56 MHz.

Furthermore it has to be identified if f, is lower or higher than f,, i.e. if + or
- sign applies in formula 4.5. Therefore the repetition rate could for example
be increased. If fi.q rises, the unknown frequency is lower than the comb
line (f, < f,) and a minus sign is chosen in formula 4.5. Otherwise, when
freat decreases, f, is higher than f, and the plus sign is chosen. Varying the
repetition rate of the OFC can also by applied as method for identification of

the mode number ¢ of the comb line that beats, as explained in [197].

4.3. Optical Frequency Comb Architecture

In chapter 3.6 it is shown that an optical frequency comb consists of a high
number of monochromatic waves at different frequencies with common phases.
In the time domain this is achieved by mode-locked lasers that emit a train

of ultra-short pulses. Theoretically a pulse train in the spectral domain and a
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4.3. Optical Frequency Comb Architecture

pulse train in the time domain build a Fourier transformation pair [126]. As
mentioned in chapter 4.1, the two parameters f,., and f.., have to be stabi-
lized in order to stabilize the entire OFC. This stabilization requires equipment
additional to the pulsed laser. Several different technologies are available to
establish a stable optical frequency comb, a general architecture of an OFC is
introduced in this chapter. Figure 4.3 shows the principle configuration of an
OFC.

Mode-locked :— : _O_p_tiza_l ) Spectral
laser I amplification | broadening
\
S
output
Control and Photo feeo F-2f
stabilization detection interferometer
/:\
Reference | ] e Electrical signal
frequency — Optical signal

Fig. 4.3.: Configuration of a stabilized optical frequency comb (OFC). The pho-
todetector and the external reference signal are needed to stabilize the

comb.

The four main subsystems of an OFC are:

* Mode-locked laser
Pulses with femtosecond durations are generated by a mode-locked laser
(chapter 4.4). The train of ultra-short output pulses at a repetition rate
frep in the time domain corresponds to a spectrum of equidistant lines
separated by f,., and sharing a common offset f,., (see also chapter 3.6).

Thereby the comb structure of optical frequencies is generated.

¢ Spectral broadening unit
In order to achieve an octave spanning spectrum, which is required for
stabilization of the OFC, the output spectrum of the comb is broadened
by guiding the laser light through a highly nonlinear fiber (chapter 4.5).
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The nonlinear effects that cause the spectral broadening are intensity
dependent (see also chapter 3), therefore optical amplification [3] is usually
required prior to coupling the laser light into the nonlinear fiber. Rare-

earth doped fiber amplifiers are a common type of optical amplifiers.

¢ Control and stabilization unit

Stabilization of the OFC requires control of the two parameters f,., and
feeo (chapter 4.5). Therefore these frequencies are phase locked to an
external reference frequency that is provided to the OFC. Whereas f,, can
be measured by means of monitoring the output frequency of the pulse
train with a photo detector, the offset frequency f.., is only accessible
using a f-2f interferometer. Control inputs of the mode-locked laser allow
adjusting of the frequencies f,., and fc,.

¢ F-2f interferometer
The carrier-envelope offset frequency f.., is an offset common to all fre-
quencies of the OFC (see also chapter 4.1). A f-2f interferometer beats the
low frequency part of the optical output spectrum of the OFC with its high
frequency part. This heterodyne beating enables the measurement of f..,

using a photo detector.

The mode-locked laser generates the OFC and is therefore also called optical
frequency comb generator (OFCG). All additional equipment is only necessary
to stabilize the two OFC parameters f,., and fc,.

In case that the OFC is used as clockwork in an optical atomic clock (OAC),
the clock laser delivers all reference frequencies. Repetition rate and carrier
envelope offset are thereby locked to the optical standard (see figure 2.7).

4.4. Femtosecond Laser - The OFC Generator

In chapter 3.6 it is shown that a comb-like structure in the spectral domain (see
also figure 4.1) corresponds to a superposition of a high number of waves with
equally spaced frequencies in the time-domain. All superimposed waves have
a constant phase relation to each other (in section 3.6 zero phase was assumed).
Waves that have constant phase relation are also called phase-locked or mode-
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4.4. Femtosecond Laser - The OFC Generator

locked. Superposition or constructive interference of multiple phase-locked
waves results in ultra-short pulses with time durations in the order of less than
hundred femtoseconds. In mode-locked lasers one pulse is reflected back and
forth in the cavity with a round-trip time of 7.,. Every time it hits the output
coupler, a part of the pulse is emitted thereby generating a pulse train with a

repetition rate of f,., = 1/7,., at the output of the laser.

Figure 4.4 shows the principle setup of a mode-locked femtosecond laser. The
gain medium within the cavity is optically pumped in order to reach inversion
level. A pulse generator, i.e. a technique or mechanism that achieves mode-
locking, generates an ultra-short pulse that generates an output pulse train. The
cavity length L determines the round-trip time of the pulse and thereby the

repetition rate of the laser:

1 v

_ - _ "4
Jrep = T " kL (4.6)

wherein v, stands for the group velocity of the laser pulse (see also section
3.6). The integer value k parameterizes f,, according to the laser configuration:

k = 2 for linear and k = 1 for ring resonators.

|

< L >

Dispersion
management
Q Q T €« Teep >
Pump Decoupling
source mirror

Fig. 4.4.: Principle design of a mode-locked femtosecond laser. A pulse genera-

medium || generation

Gain H Pulse

tor produces a high intense optical pulse which in turn generates an

output pulse train with a period of 7T,.,.

Since the pulse is generated by mode-locking of multiple modes at different
frequencies, dispersion compensation is necessary in order to prevent the pulse
from dissolving. Within a laser, standing waves i.e. monochromatic waves at

resonance frequencies of the cavity are generated[89][42]. Assuming a cavity
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according to figure 4.4, the longitudinal resonator modes are separated by
constant frequency differences called the free spectral range F'SR.

g(f)

A gain bandwidth

/TN

A
A

grt=1

S e SSNZ >

FSR resonator modes

Fig. 4.5.: Longitudinal modes of a resonator are separated by FSR. Resonator
modes within the gain bandwidth of the laser are amplified and create

standing waves.

4.4.1. Dispersion Compensation

Group velocity dispersion (GVD) appears in dispersive media due to the wave-
length dependent phase velocity [4]. Ultra-short pulse generation by mode-
locking is based on a fixed phase relation between all resonator modes (see
chapter 3.6). Since all optical media exhibit wavelength dependent dispersion,
different modes within the resonator circulate with different phase velocities.
Dispersion thereby tends to broaden the pulse [4]. Unless a mechanism inside
the resonator achieves constant overall dispersion for all modes during one
round-trip, a constant phase relation between all modes cannot be sustained.
Figure 4.6 illustrates broadening of a laser pulse due to wavelength dependent

dispersion.

In order to compensate for normal dispersion, anomalous dispersion has to be
inserted in the resonator. This can be achieved by various methods including
chirped mirrors and arrayed waveguide gratings (AWG) [170]. In free-space,
a prism pair [6] configuration according to figure 4.7-a can be used. Thereby
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Fig. 4.6.: Normal (chromatic) dispersion of fused silica according to the Sell-
meier equation [154]. Dispersion results in dissolving of a pulse that is

built-up by locking of different modes.

the optical path length for wavelengths that experience a lower refractive index
is increased in order to compensate dispersion differences. By adjustment of
the two prisms, the optical path lengths can be adapted such that the overall

dispersion for one round-trip of the pulse is equal for all modes.

For fiber lasers one solution is to use chirped gratings as one end mirror of
the resonator (see figure 4.7-b). This technique is also used in fiber based data
communication where the dispersion of optical fibers has to be compensated
[103]. Applying a temperature gradient on the chirped grating allows to adjust

the dispersion.

Another way of dispersion compensation in mode-locked fiber lasers is to
split the resonator and splicing in dispersion compensating fibers that exhibit
anomalous dispersion. Adjustment of the lengths of normal and anomalous

fibers allows to achieve the desired overall zero dispersion [154].
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Fig. 4.7.: Dispersion compensation is achieved by elongation of the optical path
length for light at wavelengths that experience a low refractive index.
a)In free-space one common method is to use a prism pair; b) in fiber

optics a chirped grating or mirror can be used.

Soliton Pulses

A medium which is both, nonlinear and dispersive can be used to compress,
stretch or maintain a pulse, depending on the magnitudes of GVD and SPM.
The maintenance of a pulse is desired in mode-locked lasers in order to reach
stable operation. Solitons are single wave packets that propagate through a
medium without altering their width or shape [3]. Solitons occur when self
phase modulation compensates group velocity dispersion (see also section
3.3). In fiber lasers, balancing of GVD and SPM can be achieved by splicing
together a sequence of fibers exhibiting alternating negative GVD and positive

SPM yielding quasi-soliton operation. Gain provided by the amplifying region
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compensates attenuation so that the pulse maintains its peak intensity and

thereby its soliton properties.

4.4.2. Saturable Absorption and Mode-Locking

Saturable absorption is a property of an optical component or system: When the
intensity of light, that incidents in the saturable absorber material, increases, the
absorption decreases. In other words, a saturable absorber is a device of which
the absorption is inversely proportional to the light intensity [3]. Saturable
absorption can be deployed in transmission or in reflection. The latter one

yields saturable absorber mirrors (SAM).

Mode-locking is a technique to coherently lock the phases of many modes (see
tigure 4.8) inside a laser resonator [151][195]. Saturable absorbers modulate
the loss for light that travels inside the cavity. Modes that show phase-locked
condition superimpose to high intense pulses (see also chapter 3.6) which
results in higher saturation of the saturable absorber than continuous-wave
light. During each round-trip the number of modes that contribute to the pulse
increases due to stimulated emission that occurs when the resonator losses are
reduced by high intensity. In the steady-state all resonator modes that lie within
the gain bandwidth of the gain medium are phase-locked because the highest
intensity corresponding to the lowest resonator loss is achieved.

It can be distinguished between "natural" and "artificial" saturable absorbers:

* Natural Saturable Absorbers
Natural saturable absorbers are devices that exhibit the above described
material property. Semiconductor saturable absorber mirrors (SESAM)
are such devices (see figure [4.11]). In steady state, the leading edge of
circulating pulse saturates the absorber layer and thereby reduces the
loss for the high intense part of the pulse. Low intense background light
that hits the absorber experiences high losses because the absorber is not

saturated by low intensity.

e Artificial Saturable Absorbers
Saturable absorption can also be achieved by configurations of optical

components inside the laser cavity that exploit nonlinear behavior. These
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configurations achieve high losses for low intense and low losses for high
intense light not by properties of a material but by the characteristic of
the configuration. The non-linear Kerr-effect (see also section 3.3) thereby
enables artificial saturable absorption. Examples outlined in the following

are Kerr-lens and non-linear polarization-rotation mode-locking.
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Fig. 4.8.: Mode-locking of resonator modes yields high intensity output pulses.

f

Lasers that start its mode-locking automatically after the pump power has been
switched on are called self-starting. A SESAM for example is a passive device
that supports self-starting once a spontaneous fluctuation of laser power has
overcome the saturation level [184]. A description on how an ultra-short pulse
develops after switching on the pump power is given in [166]. Self-starting is

required for a laser to be used in a space-borne application.

4.4.3. Mode-Locking Examples

Three common types of passive mode-locking [134] that have been investigated

in this work are outlined in this section.
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Kerr Lens Mode-locking

Kerr-Lens mode-locking (KLM) is a passive mode-locking technique typical for
bulk solid state lasers like Titanium doped Sapphire lasers. KLM relies on the
nonlinear optical Kerr-effect in which the refractive index of a material changes
according to the optical intensity [151]. A medium which presents nonlinear
optical characteristics, usually the gain material itself, acts as a lens with a focal

length inversely proportional to the intensity (see also chapter 3.3).

The Kerr-effect causes a reduction of the beam size for high intense light and,
in combination with an aperture, is used as artificial saturable absorber: The
high intense center of the laser pulse experiences a higher refractive index than
the low intense edges; thereby the pulse is refracted towards its center. The
transversal intensity distribution of a Gaussian beam results in a refractive
index change across the beam profile. By implementation of an aperture behind
the crystal, the high intense center of the beam passes whereas the low intense
and continuous-wave light is blocked as illustrated in figure 4.9. The very fast
response and the simple configuration of this artificial saturable absorber are
the advantages of the KLM method.

Intensity
4 Kerr medium low intensity
high intensity
S/
S
® Aperture

Fig. 4.9.: The refractive index at the edge is lower than in the center of the beam.
The Kerr-medium thereby acts as a lens which results in attenuation

of low intense light.

Nonlinear Polarization-Rotation Mode-Locking

Nonlinear polarization-rotation mode-locking (NLPR) relies on the intensity

dependent rotation of an elliptical polarization state in an optical fiber [176][34].
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Mode-locking based on polarization rotation uses the effect that high intense
optical pulses change their polarization state when propagating through an
optical fiber. This is due to combined effects of self-phase modulation and
birefringence of an (non-polarization maintaining) optical fiber [2][91]. Figure
4.10 illustrates the principle of this kind of artificial saturable absorber.

@ linear @
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free space

Fig. 4.10.: Schematic of passive mode-locked by NLPR. The polarization angle
changes with regard to light intensity. Only the high intense part of
the pulse (red) is transmitted, low intense light (blue) is blocked.

Light that leaves the free space part of the ring oscillator (position 1) shows an
elliptic polarization state at a certain angle. Propagation of the pulse through
the optical fiber alters the polarization rotation. High intensity (red) thereby
results in a higher degree of rotation than low intensity (blue). At the beginning
of the free space part (position 3), elliptically polarized light passes the /4
wave plate and is converted to linearly polarized light. The \/2 wave plate
rotates the linear polarization state. Assumed that the initial angle of the input
elliptic polarization was at a certain angle, the linearly polarized light passes
the polarizer almost loss-less. Since the elliptic polarization angle is dependent
on intensity, the wave plates at position 3 can be adjusted such that the high

intense light (red) passes where else low intense light (blue)is blocked by the
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polarizer. Polarization controlling at position 4 finally adjusts the polarization
state in a way that equilibrium is achieved i.e. that the elliptic polarization

states at all positions remain constant after each round-trip.

Consequently this setup of waveplates and polarizer allows only the high
intense central part of the pulse to pass and blocks low intensity light. Thereby

an artificial saturable absorber is implemented.

SESAM Soliton Mode-Locking

A saturable absorber inside the resonator modulates the losses inside the
cavity [109]. In a semiconductor saturable absorber mirrors (SESAM) saturable
absorption is a material property. This is due to the fact that in the absorber
layer of the SESAM (a quantum well [193]) the atoms in the ground state are
excited into a higher energy state by incident photons. If the rate of photons is
high enough, the ground state depletes and thereby the absorption saturates
[86]. In SESAM devices a Bragg mirror is implemented beneath the absorber
whereby incident high intense light that passes the absorption layer is reflected.
Figure 4.11 illustrates the basic structure of a SESAM.

Y

: Absorber layer

Bragg
MIrror s

salede dalralds

Substrate

Fig. 4.11.: The absorber layer of the SESAM enables saturable absorption. The
successive Bragg mirror reflects high intense light that has achieved

saturation of the absorber layer.

The SESAM is placed at the end of the laser cavity and works like a fast optical
switch typically on picosecond time scale [96]. It only reflects the laser light
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when saturated with high peak powers. Amplified spontaneous emission (ASE)
[151] is completely absorbed each round trip because it does not reach the satu-
ration level of the SESAM. After formation of a stable laser pulse (steady-state)
the SESAM efficiently absorbs residual laser light and therefore stabilizes the
circulating laser pulse. Working with a so-called "slow" SESAM with switching
times on the picosecond time scale requires that the laser operates in the soliton
regime for generating femtosecond laser pulses [135]. In this mode, the laser
pulse is not formed by the SESAM itself but by soliton pulse formation (see also
section 4.4.1).

4.5. OFC Stabilization

In order to stablize the two parameters of an optical frequency comb, the
repetition rate f,., and the carrier-envelope offset frequency f..,, two control
loops have to be implemented [195]. The actual values of both frequencies are
compared to set values derived from the external reference frequency source
(see figure 4.3). This is achieved by phase detectors that are known from phase-
locked loops (PLL) [12]. Contrary to standard PLLs, a deviation of the actual
frequency from the set frequency does not adjust a voltage controlled oscillator.
The OFCQG itself is adjusted such that the frequency (either f,., or f..,) matches

the corresponding set value.

The repetition rate f,., is adjusted by changing the resonator length. The output
pulse train of the laser is measured with a photo detector in order to obtain the
actual value of f,.,. Comparing the actual value of f,., with the set value given
by a reference frequency generates an error signal. This signal stabilizes the
voltage of a piezo stack which holds one end mirror of the resonator.

Stabilization of the carrier-envelope frequency f.., is more complex than rep-
etition rate control. Since f,., is not directly measurable, a special type of
interferometer is required to access f..,. This f-2f interferometer requires an
octave spanning spectrum [8] where the highest frequency of the spectrum is
twice the lowest frequency. In order to obtain an octave spanning spectrum, a

spectral broadening unit as illustrated in figure 4.3 is required.
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Spectral Broadening

In fiber based OFCGs, the output spectrum of the laser does usually not provide
an octave spanning spectrum. Therefore a highly nonlinear fiber (HNLF) is
used to broaden the spectrum [144]. HNLFs are fibers that support guiding
of high intensities, thereby enabling nonlinearities like self-phase modulation
that broaden the spectrum [124][27]. Tapered fibers [153] with reduced core
diameter or photonic-crystal fibers (also called micro-structured or holey fibers)
[152], that enable bandgap engineering, are two examples of HNLFs. At the
left-hand side of figure 4.12, the structure of a photonic crystal fiber is shown.
Air holes in the fiber round a solid core change the mean refractive index and
thereby act like a fiber cladding. Changing the structure of the holes allows to
design the properties of the fiber.
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Fig. 4.12.: A photonic crystal fiber achieves spectral broadening dependent on
the intensity of the pulses [142].

The output spectrum in dependence of the power of the input pulses is shown
at the right hand side of figure 4.12, demonstrating that the nonlinear effects
that broaden the spectrum strongly depend on light intensity .

Figure 4.13 shows a measurement of the broadened output spectrum of an
OFCG dependent on the relative position of two prisms of a subsequent prims
compensator (see also figure 4.7). At a prism position of approximately 3-10* um,

an octave spanning spectrum is achieved. Intensities up to -30 dBm at 1000 nm
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and 2000 nm allow f-2f interferometry and thereby comb stabilization (see also

section 4.5).

. Optical Output
“  Power [dBm]

Fig. 4.13.: Output spectrum of an OFCG. By prism positioning, the dispersion
is adjusted such that an octave broad spectrum is achieved from
1000 nm to 2000 nm.

F-2f Interferometer

As shown in chapters 4.1 and 4.3, carrier-envelope offset frequency stabilization
is required in order to stabilize the OFC. Therefore a control loop is necessary
that holds f.., constant by measuring it and adjusting the current of the laser
pump diode [177]. For measurement of f,.,, an f to 2f (also f-2f) interferometer is
required. Figure 4.14 illustrates the principle of f.., measurement using an {-2f
interferometer. F-2f interferometry requires an octave spanning optical output
spectrum. Other schemes that do not require an octave spanning spectrum (e.g.
2£-3f interferometry [79] [104]) have also been developed but are more complex
and therefore not taken into account for space applications. Alternative CEO

stabilization approaches use acousto-optic modulators for shifting the entire
output of the OFC by f.., [90].
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Fig. 4.14.: Principle operation of an f-2f interferometer. Light at the low fre-
quency end of an octave spanning spectrum is frequency doubled by
second-harmonic generation (SHG) and brought to interference with

high frequency light for f.., determination.

In order to achieve f,.,, a low frequency mode f,, of the optical spectrum (shown
in dark red in figure 4.14) is frequency doubled by second-harmonic generation
according to section 3.2. Thereto the light is focused into a frequency doubling
crystal. By the second-order non-linearity of the material, light at frequency 2,

is generated (see also section 3.2).

Periodically poled Lithium Niobat (PPLN) for example is a highly efficient
medium for frequency doubling. In the conversion process, a single input
photon is split into two new generated photons. The restriction for photon
frequencies is that the overall energy is maintained. New photon frequencies
are generated when the waves are phase matched. Changing the temperature
of the crystal varies the phase matching condition. This alters the periodicity
of the poling in the crystal and thereby allows tuning of the generated photon
frequency [181].

Assuming that the red mode in figure 4.14 has a frequency of f,, = n - frep + feeo

according to formula 4.1, the frequency doubling results in:

2fn = 2(” : frep + fceo) =2n- frep + 2fceo- (47)

The frequency doubled light is then brought to interference with a high fre-
quency mode fa, = 21 - frep + feeo from the other end of the octave spanning
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spectrum (shown in dark blue in figure 4.14). Thereby a beat node at the dif-
ference frequency fi.q: is generated according to formula 4.4. This frequency

beating yields the carrier-envelope offset frequency:

fbeat = ‘an - f2n| = fceo- (4:8)

The frequency beating (compare also to chapter 4.2) leads to an intensity mod-
ulation with a frequency of f.., that is measured by a photo detector. Usually
not only single modes but several modes from both ends of the spectrum are
brought to interference at the photo detector in order to enhance the SNR (see
tigure 4.15). Corresponding frequencies of high and low modes of the spectrum
(fnand fon, foy1 and fogmy1), fore and fogyo), ...) interfere with each other and
generate the same beat frequency f..,. But also all adjacent frequencies beat

2fn 2fn+1) 2fn+2)

fon fo(n+1) fom+2)

s s S

> ¢

% fceo % % fceo % % fceo %

Fig. 4.15.: Beating of frequency-doubled modes (red) from the low frequency
end of the spectrum with modes from the high frequency end of the

spectrum (blue) yields the carrier-offset frequency f.,.

with each other (e.g. 2f,, and f(,+1)) and yield parasitic frequencies different
from f..,. These beat frequencies are always higher than f.., since the modes
are separated wider (see also formula 4.5). An electric low pass filter with a
cut-off frequency of f,.,/2 at the output of the photo detector eliminates these

unwanted higher harmonics.

Because the OFCG produces laser pulses, the spectral lines are only available
within the pulse duration. Therefore the beat-note measurement as described

above basically equals sampling of the carrier-envelope frequency f., with the
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repetition rate f,., as shown in figure 4.16. Due to the fact that f.., always lies
between two adjacent modes (see figure 4.15), the maximum frequency of the
carrier-envelope frequency is half the repetition rate:

frep
=2 4.
fceo,maaz 2 ( 9)

Thereby the Nyquist-Shannon theorem for sampling [126] is fulfilled innately.

fCEO
A

frep

t

Fig. 4.16.: Measurement of the carrier-envelope offset basically results in sam-
pling of f.., with f..,, whereby the sampling theorem is always ful-
filled.
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5. Optical Fiber Sensing Technology

Within this chapter sensing based on optical fiber sensors is outlined. Fiber
Bragg gratings (FBG) and their use as sensors are explained in sections 5.1 and
5.2. Three different schemes for FBG sensor interrogation are introduced in sec-
tion 5.3. The tunable modulated-grating laser diode used for the interrogation

system developed in this work (see chapter 8) is described in section 5.4.

5.1. Fiber Bragg Grating Sensors

The most common types of optical fiber based sensors are fiber Bragg gratings
(FBG) named after the British physicist William Lawrence Bragg. Fiber Bragg
gratings are in principle dielectric filters that are based on multiple layers
of alternating high and low refractive indexes. At every optical transition
between two consecutive layers light is reflected partially. When the optical
path length differences of the reflections are integer multiples of the wavelength,
constructive interference occurs. Thereby fiber Bragg gratings are wavelength
sensitive filters that, by variation of layer thicknesses, can be designed to reflect
one specific wavelength and transmit all others. Figure 5.1 illustrates the
principle structure of a FBG sensor, theoretical aspects are explained in section
3.6.

In optical fibers the Bragg grating can be generated by inscription with an UV
laser [128][56][77]. The laser beam is split into two arms and is brought to
interference at the position of the fiber core. Thereby the core melts at places
where high intense constructive interference occurs. This changes the refractive
index of the core and results in a periodic grating with a period A. Light at the
so called Bragg wavelength Az that matches the Bragg condition

)\B = 2neffA (51)
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FBG

Iin

| | 1| | = Tirans

— :
Tret \ \ \

A n n: ns

Iin Iref Itrnn:i
/ \I II[ _\\

/\ 'lﬁ' N
/ J | \
/ . J " J \ N

AB AB

Fig. 5.1.: Principle structure of a fiber Bragg grating (FBG). Partially transmitting
mirrors act as interference filter and thereby implement a wavelength
dependent behavior. Light that matches the Bragg wavelength \p is
reflected by the FBG.

is partially reflected by the FBG, all other wavelengths are transmitted unaltered.
Neff = % thereby stands for the effective refractive index of the fiber core,
the mean value of the fiber core refractive indexes n; and n, according to figure
5.1.

Fiber Optic Sensing (FOS) provides a promising alternative to electric sensing
technologies. FOS instrumentation has the potential to improve conventional
instrumentation in several ways. The design and development activities and
subsequent demonstration within this work prove the potential of FOS instru-

mentation in terms of:

¢ Capability of sensor distribution. Sensor arrays, i.e. several sensors with
different grating periods A inscribed along one single fiber can be used.
The sensors reflect light at different wavelengths. Fiber optic sensing
thereby can be regarded as a sensor bus comparable to electric sensor
buses like one-wire or I>C. Figure 5.2 illustrates the possibility of sensor
distribution.
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Fig. 5.2.: FBGs with different grating periods that are inscribed in an optical

tiber serially implement a sensor array.

* Insensitivity to electromagnetic (em) interferences. FBG sensors are read-
out optically; the measurement accuracy is not influenced by any em fields
near the sensor location. Furthermore, FOS does not induce any interfer-
ences that could harm surrounding equipment wherefore em shielding

can be omitted.

* Reduced mass and volume of the sensor network. One single optical fiber
is required that guides the light in both directions, from interrogator to
the sensors and back. Optical sensor fibers can be embedded in composite
materials which reduces the effort for assembly and integration because

sensor mounting is not required.

5.2. FBG Measurement Principle

The wavelength itself which is reflected by a FBG does not allow any conclusion
about the current measurement parameter (e.g. temperature or strain) at the
location of the sensor. Everything that influences the Bragg condition (formula
5.1) results in a change of the wavelength that is reflected. This wavelength

shift is evaluated by the interrogator and allows to conclude about the relative
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change in magnitude of the actual measurand.

FBGs are sensitive to temperature and strain variations because both measurand
changes influence the geometry of the FBG structure and the refractive indexes
of the core material. According to [87], the spectral sensitivities of a FBG sensor

at a design wavelength \p to applied strain € and temperature 7" amount to

Np _ 0,78 - 10—“—3 (5.2)
oe JLE
respectively
oA 6B
5T = 6,67-10 T (5.3)

In the case of a design wavelength of A\g = 1550 nm, the overall wavelength

shift A\p of a FBG due to applied strain Ac and temperature AT results in

Mg =1,2127  Ac 410,342 AT (5.4)
e K

One issue that arises from the sensitivity of a FBG sensor given by formula 5.4 is
that it cannot be distinguished if the wavelength shift arises from a temperature
or a strain variation. Similar to electric strain sensors, the sensor transducer
needs to be designed such that unambiguity of measurement results is given.
Transducers for temperature sensors for example have to decouple the sensor

from structural strain.

5.3. FBG Interrogation Systems

Three well known configurations of fiber optic interrogation systems are consid-
ered: Spectrometer based systems utilize a broadband illumination and detect
the actual wavelength of the sensor by wavelength division multiplexing. A

second principle uses edge filters to "cut" the sensor response and determine the
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5.3. FBG Interrogation Systems

measurement value by the ratio of the two resulting intensity signals. Systems
based on tunable lasers, which are in the focus of this work, sweep through
the wavelength spectrum and evaluate the magnitudes of the reflected (or

transmitted) intensities.

Spectrometer Based Systems

This design uses a broadband light source such as super-luminescent diodes
(SLD) in order to illuminate FBG sensors within the sensor channels. The
different sensors reflect light at different wavelengths. The reflected signals are
spectrally encoded by a spectrometer consisting of e.g. a diffraction grating and
a CCD sensor. An evaluation electronics evaluates the CCD image whereof the

mean wavelengths of all sensors are determined by centroid algorithms.

illumintation source

\
spectrometer
f P control and data
g CCD acquisition
grating ™= sensor fibers

Fig. 5.3.: Spectrometer based interrogation unit. A broadband light source
illuminates the FBG sensors, the responses are determined by a spec-

trometer.

This kind of interrogator concept has the highest maturity; all components
are commercially available as standard industrial components. By enhanced
design of the spectrometer, multiple sensor channels can be imaged to a two-
dimensional CCD array in parallel. Because the wavelength of the signal is
transformed in one spatial dimension, different channels can be mapped to
different lines of the CCD array.

Edge Filter Based Systems
This design uses a broadband unpolarized light source (e.g. [127]) in order
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to illuminate the sensor fiber. Light that is reflected by a FBG sensor enters
two optical edge-filters that overlap spectrally. The two resulting intensities
are measured with photo detectors at the edge-filter outputs. Determining the

intensity ratio of the photo currents yields the spectral response of the FBG

SENsor.
illumination source fiber coupler
[ / RY O NI
control and data ﬁ( F . /
acquisition ! 50/50 g sensor fiber
- )

edge filter

photo amplifiers : : :

Fig. 5.4.: Edge filter based interrogator. A broadband illumination source illu-
minates the sensors, edge-filtering determines the sensor response.

Compared to spectrometer and tunable laser approaches, where the bandwidth
of the systems is limited by the rates of CCD read-out respectively wavelength
tuning, this measurement principle shows a higher bandwidth since the sensor
response (ratio of two intensities) can be evaluated by means of analog hard-
ware. Thereby sampling only occurs when the evaluated response is digitized
and stored.

Tuning Laser Based Systems

This design uses a narrow band laser as light source that scans through the
optical spectrum. Laser pulses at ascending wavelengths are sent to the FBG
sensors. The intensities of light pulses that are reflected by the sensors are
measured by a photo detector. Since the wavelength of the pulses is known, just
the intensity magnitude of the reflected light is of interest. The sensor responses

are determined by centroid calculation of the reflected intensities.
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Fig. 5.5.: Tuning laser based interrogator. The output wavelength of the laser is

tuned, thereby the spectral sensor response is scanned.

5.4. MG-Y Tunable Laser Technology

The tuning laser, which is the core element of the scanning laser interroga-
tor that is developed within this work, is a monolithic diode laser of which
the wavelength can be controlled electronically. Basically two resonators are
combined within the structure of this laser diode. Both resonators share the
same partially transmissive end mirror at one end. At the other end, a grating

structure acts as second reflector as shown in figure 5.6.

multi-mode end reflector
t - interferometer (right)
ransmissive
mirror common / || || || || || || ||

/ gain section phase

[ | end reflector
(left)

Fig. 5.6.: Structure of the modulated grating laser diode. The resonator is split
into two arms, the vernier-effect is used for wavelength generation

[189].
The MG-Y laser diode emits light at a wavelength where modes of each res-

onator overlap, as schematically shown in figure 5.7. The grating structures can

be modulated by carrier injection allowing for refractive index modulation of
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the grating material. Electric currents supplied to the grating reflectors adjust
the free spectral ranges (FSR) of the resonators which originally are 630 GHz
(5.05 nm) and 700 GHz (5.61 nm) [189]. Thereby the spectra of both resonators
can be shifted against each other which allows to bring different modes of the
resonators to overlap. By this so-called vernier effect [175] wavelength tuning
is achieved. This kind of laser is called MG-Y laser, which is an abbreviation for

its modulated-grating Y-structure.

a)

L(A)
A
b) Ares FSRL FSRr
L(A)
A /\
Ares FSRL FSRr A

Fig. 5.7.: Additive Vernier effect. a) An output wavelength \,.; is generated at
the spectral position where peaks of left and right resonator overlap. b)
By increasing F'SRpg, two other modes overlap and a different output

wavelength ), occurs.

Contrary to sweeping laser sources [1] like external cavity diode lasers [73], the
vernier effect does not support continuous tuning. A set of control currents may
or may not yield one single stable output wavelength. Since both resonators
show discrete spectra, the output wavelength jumps arbitrary when the control
currents are changed. In order to use the MG-Y laser diode for spectral sampling
of FBG sensors, it has to be characterized for all combinations of control currents

(see section 8.4).
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This chapter outlines specific characteristics that need to be taken into account
when systems for space use are developed. In section 6.1, mission dependent
constraints that affect system design and development are summarized and
common engineering techniques required to develop space-borne systems are
explained. The various environmental conditions in space are introduced in
sections 6.2 (radiation), 6.3 (microgravity and vacuum) and 6.4 (shock and

vibration).

6.1. Space Engineering

The term space engineering refers to the design, development and manufactur-
ing of systems intended to be used in space. Several boundary conditions have

to be taken into account and are therefore outlined in this sections.

6.1.1. Design Constraints

When a space mission is planned, the requirements for the systems on board
the spacecraft have to be determined at first. This is done by comparing the
mission parameters (e.g. launcher, platform, orbit altitude, lifetime, ...) with
former successful missions. Furthermore, analysis and simulations concerning
the new or changed boundary conditions are carried out. The requirements are
thereafter derived from the obtained results.

When systems and subsystems are designed and developed, it has to be ensured
that all requirements are fulfilled. Therefore the functionality of the system
is tested under relevant environment by means of e.g. thermal-vacuum and

radiation tests. Different models of the system (e.g. breadboard, engineering,
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qualification and flight model) are built for consecutive stages of development
according to [41]. In the case of complex mission scenarios, flight demonstra-
tion of critical subsystems is accomplished. The Laser Interferometer Space
Antenna (LISA) mission for example utilizes the technology demonstrator LISA
Technology Pathfinder (LTP) as forerunner mission wherein key technologies
shall be verified [117].

The maturity of a system is characterized by the technology readiness level
(TRL), a classification of systems and components given by ESA and NASA
[45][110]:

TRL | Definition
1 | Basic principles observed and reported (scientific research)
2 | Technology concept and/or application formulated (applied research)
3 | Analytical and experimental critical function and/or characteristic
proof-of concept (laboratory experiment)
4 | Validation in laboratory environment (laboratory testing)
5 | Validation in relevant environment (environmental testing)
6 | System/subsystem model or prototype demonstration in a relevant
environment (ground or space)
7 | System prototype demonstration in a space environment
8 | Actual system completed and "flight qualified" through test
and demonstration (ground or space)
9 | Actual system "flight proven" through successful mission operation

A system is space qualified and therefore allowed to be implemented on board
the spacecraft after it has been verified that a TRL of eight is achieved. Contrary
to the development of ground based systems, engineering of space borne sys-
tems has to take into account special boundary conditions. Some aspects that

have to be considered during development are outlined in the following list.

¢ Compatibility with environment
The development of systems that operate on a spacecraft is mainly driven
by the environmental conditions that the system is faced with during
its lifetime. The environment, a space borne system has to be designed
for, depends on the mission parameters, whereby the altitude mainly

determines the in-orbit requirements for the system [101]. Only missions
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based on earth orbiting spacecrafts (in contrast to deep-space missions) are
in the view of this work. A space borne system has to cope with several

different environments that occur sequentially:

1. Transportation from development site to launching base:
Expected conditions are temperature ranges from —15°C' to +40°C,
humidity, shock and vibrational loads during vehicle based transfer
and possible solar radiation. Usually the system is not harmed by this
environment since it can be thermally controlled and appropriately

packed into protection covers.

2. Launch, transportation and in-orbit operation during mission:
Radiation, vacuum and micro-gravity during operation of the system
in space (sections 6.2, 6.3) and high shock and vibration loads during
launch (section 6.4) are the main design drivers. The harsh environ-
ment in space which depends on the orbit, the kind of spacecraft
that accommodates the system and mission specific parameters affect
the system during the mission. The system has to be designed and

developed such that it withstands the environmental loads.

3. Transportation from mission orbit back to earth:
Missions where the system is sent back to earth after its mission
lifetime, e.g. for data evaluation, are possible but are not elaborated

in this document.

¢ Autonomous work
Unlike devices deployed in laboratories, systems working in space must
be stand-alone operable. One way is to design the system intrinsically
stable so that readjustment is not necessary. If intervention is unavoidable,
monitoring and adequate control mechanisms have to be implemented in

order to either automatically or by remote control re-adjust the system.

* Lifetime assessment
It has to be ensured that the entire system with all subsystems and compo-
nents operates failure tolerant within the expected lifetime. Methods like
derating [40] of components or implementation of system redundancy by

e.g. parallel circuiting of electronics can be used.
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¢ Power efficiency
Because of the reduced energy disposition high efficiency and low power
consumption is required. Also in view of thermal controlling inside the

spacecraft, a minimized waste heat is desired.

¢ Dimensions and weight
The reduced dimension of the satellites require compact system design to

achieve low volume and weight.

¢ Electromagnetic compatibility
All electronic and opto-electronic equipment has to be EMC-safe which
requires special design [58]. Furthermore the system itself must not harm

surrounding equipment by generating electromagnetic radiation.

¢ Safety margins
In order to ensure correct system operation even if there are deviations
between expected and actual operation conditions (e.g. unforeseen solar
flares that result in enhanced radiation exposure), safety margins have to
be applied to all requirements. Compliance with increased requirements

is guaranteed by enhanced qualification testing [39].

6.1.2. Development Guidelines

In former days no uniform system of space standards was available [93]. There-
fore different companies used different standards. Divergences between the
standards resulted in misunderstandings between companies and thereby in
tailures of developed systems. Additional effort was necessary to compare the

standards among each other which yielded higher development costs.

The European Cooperation for Space Standardization (ECSS) was founded in
1993. ECSS is an association of ESA, national space agencies and a consortium
of companies from the industrial sector. These partners singed a contract for
development of a common framework of standardization. It aims to create
and maintain common standards for space related development. Thereby cost
efficiency, performance enhancement and competitiveness of the European

space industry on the world market shall be achieved and enhanced.
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The policy of ECSS was defined in one separate document and arranged the

principles of the new system. Key points of ECSS policy are:

¢ ECSS standards have to be made applicable to a project by contract, they
are not legal by itself. The contracting party that introduces an ECSS
standard as requirement document is responsible for control of compliance

of the development with the standard.

* Requirements shall be defined target-oriented rather than task-oriented:
The performance that has to be achieved rather than the description of the
way to achieve it is the objective of a standard. This leaves the way open

for new technological developments.

¢ ECSS standards shall not duplicate other norms e.g. ISO or EN standards.
Instead links to already existing and complementary standards shall be

included.

From the very beginning of ECSS, this standardization was intended to stay
in motion since it is continuously adapted to changes in technology. The
ECSS system has been established as common guideline to all space-related
development within Europe since its beginning. It is divided into three main
branches:

* Space Project Management
All standards necessary for successful project execution in terms of cost,

schedule and performance.

* Space Engineering
All standards covering the engineering aspects of the project, e.g. require-
ments for the development of electrical, mechanical and optical systems

as well as overall system engineering.

* Space Product Assurance
All standards to assure that all products and systems fulfill the require-
ments. Support of risk management by the early identification of risks is
covered by these standards.

A four level system was taken as basis for the architecture of ECSS in 1993
[93] which has been reduced to three levels in 2003 [47]. The first level stan-
dard (ECSS-S-ST-00C [46]) describes the objectives, policy, architecture and the
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strategy (former a separate level) of every specific branch of the ECSS system.
Second level standards are all standards within one of the three ECSS branches
(ECSS-M-ST-xx-yyy, ECSS-E-ST-xx-yyy, ECSS-Q-ST-xx-yyy). They describe the
requirements and functions for all aspects in the respective domain. Third level
documents are additional non-normative guidelines that describe methods, pro-
cesses or procedures to achieve the requirements of level-2 standards. Level-3
documents are available as handbooks or technical memoranda and can be

adapted to the project if necessary [46].

6.2. Space Radiation

Radiation is of major concern for systems operating in space. Properties of
electronic and optic equipment are altered when irradiated with particles (e.g.
protons, electrons, heavy ions) or with electromagnetic waves (e.g. x- or Gamma
rays, light). Even system failure due to radiation occurred in former missions.
A latch-up damage (section 6.2.2) of a random access memory chip on board
the Precision Range and Range-rate Equipment (PRARE) satellite due to proton
impact for example lead to the loss of the satellite five days after launch [71].
Implementation of a latch up detection circuit during development and con-
trolled reset of the system may have resulted in an failure tolerant operation of
the satellite.

6.2.1. Space Radiation Environment

The Earth is subjected to a nearly isotropic flux of charged particles, beta and
gamma rays. The radiation flux is mainly generated by solar flares of the sun,
but also by omni-directional galactic cosmic radiation originated outside the
solar system. The flux of the charged particles consists of about 85% protons
(hydrogen nuclei), 14% alpha-particles (helium nuclei) and 1% heavier ions (e.g.

iron and carbon nuclei) [36].

A particle is only able to pass the magnetic field of Earth by having a certain
energy level (below 1 GeV at the poles, up to 17 GeV at the equator). Incoming
particles of lower energy are deflected toroidal round the earth by Lorentz
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forces. Research lead by James Van Allan revealed that two radiation-belts with
high concentration of trapped particles exist around Earth. The inner belt at an
altitude around 3000 km mainly consists of protons and electrons at fluxes of
21072240 and 310922241 for energies above 10 MeV and 1 MeV respectively.
The outer belt at an altitude of approximately 25000 km consists of electrons at
a flux of 2 - 10925es (energy > 1 MeV) [13][78].

6.2.2. Radiation Effects

When matter is exposed to radiation, the effects of interaction depend on several
parameters: mass, charge, kinetic energy, incidence angle of the particle or ray,
type and density of the targeted matter. Degradation that occurs in electronic
or optical components is due to either ionizing or atomic displacement effects

dependent on the type of particle or ray.

¢ Jonization
Charged particles interact primarily by Rutherford scattering (Coulomb
scattering). This interaction can cause excitation or ionization of atomic
electrons (electron-hole pair generation) [30]. Total ionizing dose (TID)
is the measure of ionizing radiation. The unit of TID is rad or Gy (Gray)
whereby 1 Gy = 100 rad.

¢ Atomic displacement
If sufficient energy is transferred to atoms, they are displaced from their
normal lattice positions. Heavy charged particles can cause elastic or in-
elastic scattering. In an elastic collision, the bombarding particle transfers
a portion of its energy to an atom of the target material, and can dislodge
the atom from its lattice position [168]. Non-ionizing energy loss (NIEL) is

the measure of non-ionizing radiation effects. The unit of NIEL is MeV/g.

Charged particles e.g. heavy ions which incident on matter can cause both,

ionizing and displacement effects.
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Radiation Effects on Semiconductors

Ionizing radiation results in cumulative energy deposited in a given volume.
Most of the converted energy of an incident particle creates electron-hole pairs.
At this ionization, the valence band electrons in the solid are excited to the con-
ductor band, thereby enabling n-type conduction in the conductor and p-type
in the valence band. This produces a variety of device effects like energy band
shifts or leakage currents which can for example yield gate threshold voltage
shifts in CMOS devices [125]. Furthermore, high energies of radiation lead to
internal charging of conducting layers in electronic devices. If high potential
differences between layers separated by insulators are reached, electrical break-
downs and damage are caused. Sources that ionize the material are electrons,
protons and Bremsstrahlung, which is a secondary radiation due to slow down

of incoming particles like heavy ions.

Ionizing based damage of electronic devices show the following characteristics
[48][137][125]:

* Biasing of semiconductor devices leads to higher radiation damage com-

pared to unbiased operation.

* Trapped charge reduces after irradiation dependent on the temperature
and applied electric field, whereby the damage is partially or completely
cured.

¢ Although some devices are no longer sensitive to dose-rate effects below
approximately 1 rad(Si)/s, other devices continue to be affected even at
dose rates of 0.002 to 0.005 rad(Si)/s [82]. In linear devices with junc-
tion isolated bipolar transistors enhanced low dose rate sensitivity yields
higher damage at low dose rates [82] [83][183][54].

Atomic displacement (AD) is caused by incoming high mass particles such as
protons and heavy ions. Atoms are thereby displaced from their crystal lattice
position leading to stable defects created within the bandgap. AD is of major
concern for bipolar transistors because these devices are based on minority
carrier conduction [163]. Since AD leads to a reduction of minority carrier
lifetime, the transistor gain reduces significantly [167][145][192][137].

The following damages can occur due to AD radiation effects [36]:
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¢ Trapping of carriers at lattice defects leading to losses in charge transfer

efficiency (minority carrier trapping) or carrier removal (majority carrier

trapping).

¢ Compensation of donors or acceptors and recombination of electron-hole

pairs leading to carrier removal.

* Tunneling of carriers leading to increased current in reverse biased junc-
tions - particularly for materials with small bandgap and high applied
electric fields.

Single event effects (SEE) are caused by single energetic particles (e.g. protons,
neutrons or heavy ions) or high energy cosmic rays. Single strikes of these parti-
cles, when passing through the material, cause ionized tunnels with diameters
of a few micrometers. Inside electronic devices like transistors, a variety of
different SEEs may occur [123][36][78]:

¢ Single event upset (SEU) is a transient effect, a so called soft error. Mainly
affected are memories and all kinds of logic state devices as well as pro-
cessor chips. The hitting particle leads to a change of stored information
also called bit-flip. The effect is nondestructive and may be corrected by
overwriting of the affected element. Also resetting of the device results in

normal behavior.

¢ Single event latch-up (SEL) can lead to demolition of the device. In CMOS
circuits, for example, SEL occurs when both complementary transistors are
conducting at the same time. SELs are hard errors and may remain even
after restarting of the device. A SEL can be cleared by a power off-on reset.
To protect the device either the power has to be removed very quickly or
an upper current limit has to be ensured which is lower than the damage
threshold of the device.

¢ Single event transients (SET) in linear circuits are current transient which

can be interpreted as signal edge in combinational logic and thereby cause

a logical error.
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Radiation Effects on Optical Components

Physical effects, that occur when optical components are irradiated, are not
understood completely [180]. During irradiation of optical components flu-
orescence can occur and influence surrounding equipment [78]. Long term
degradations in transparent materials are transmission losses. These losses are
due to the presence of crystalline defects, so called color or F-centers (from the
German word "Farbe") [43][121]. Exposing optical material to radiation results
in the displacement of lattice ions and thereby in the creation of lattice vacancies.
In particular irradiation with heavy particles alters the lattice structure. If an
electron from the valence band is excited into this vacancy it gets trapped and
a F-center is created. In terms of the energy levels, a F-center lies within the
bandgap of the optical material between the valence and conduction bands
[191]. Electrons in such a vacancy absorb photons in the visible spectrum such
that the transparent optical material becomes colored. If occurring radiation e.g.
light has a very high energy or intensity, the electron may be released from the
vacancy. Thereby the material gets (photo-) bleached and loses its color.

Radiation Damage in Optical Fibers

At NASA, databases of radiation test results on several types and brands of
optical fibers are available [133][131]. In general, optical fibers have been used
for space applications for more than 30 years [132] without failures. Rare-earth
doped optical fibers however are well known to be highly radiation sensitive
[130][25][64]. In other areas of research, e.g. for nuclear power plants, the ra-
diation sensitivity of rare-earth doped fibers is used for dosimetry [21][23][19].
Guiding high-intense light through attenuated fibers allows to cure the de-
fects by photo-bleaching [22]. This photo bleaching effect is confirmed by the
radiation tests carried out in this work (see section 7.5).

Preliminary examinations performed by the Max-Planck-Institute of Quantum
Optics in cooperation with Kayser-Threde GmbH evaluated all types of fibers
implemented in an Erbium doped optical frequency comb [84]. Several tests
with different radiation sources have been conducted whereby the transmission
loss at the wavelength 1310 nm was measured. Standard telecommunication

single mode-fibers and highly nonlinear fibers (see chapter 4.5) showed trans-
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mission losses of less than 0.01 dB/m after irradiation with a total dose of
955 Gy. The Er doped fiber showed transmission losses of 3 dB/m after a total
dose of only 190 Gy and 10 dB/m after 380 Gy. During the irradiation with
20 MeV protons an Yb doped fiber was tested additionally. After irradiation of
both rare-earth doped fibers with 12 - 10'3 protons/cm?, the transmitted intensi-
ties were reduced by 1.55 dB for the Er and 0.65 dB for the Yb doped fiber for
lengths used in fiber combs.

Radiation exposure causes F-centers which degrade the performance of the
tibers by attenuation. Several radiation test results on rare-earth-doped optical
fibers are available in literature e.g. [59][74][179], but test conditions like dose
rates, total dose and dopants of the fiber vary for each experiment. Ytterbium
doped fibers are known to be less sensitive to radiation than Erbium doped
ones [55].This allows only qualitative comparison of the results [130]. Not the
doping concentration levels of the rare-earth material but of the co-dopants e.g.

aluminum increase or decrease the radiation sensitivity[74].

Up to now it has not been clarified, which doping composition is best suited
for low radiation sensitivity but hydrogen loading is a technique for radiation
hardening [75][198][76]. Fibers are therefore coated with metal or carbon and
loaded with hydrogen under high temperature and pressure. The coating
prevents the hydrogen from outgassing. It has been shown by the Fiber Optic
Research Center (FORC) in Moscow that hydrogen loading of hermetically
coated Er doped fibers extends their lifetime in space by more than five times.
Exposing the fibers to Gamma radiation from a Cobalt-60 source (0.028 Gy/s)
to an accumulated TID of 2 kGy only reduced the lasing efficiency at 980 nm by
1 dB. Pumping the fiber at a wavelength of 980 nm enhances photo-bleaching
effects which supports the radiation hardness of the fiber [199]. FORC kindly
provided several meters of Erbium doped hydrogen-loaded fiber that where
tested in the frame of this work (see chapter 7.5).

Radiation Effects on Fiber Bragg Gratings

Irradiation of fiber Bragg gratings (FBG) in optical fibers results in a shift of
the spectral response of the sensor due to a change of the refractive indexes

n1, ng and ng of the fiber (see figure 5.1). Spectral shifts around 25 pm for total
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doses up to several hundred krad have been observed [14][67]. Recovery of
the FBG spectral shifts are possible after several hours [178] of annealing or by
applying even higher doses of several Mrad [70]. Writing FBGs by femtosecond
pulsed UV lasers makes the spectral shift of the sensor independent from the
tiber material [66]. Width and amplitude of the FBG spectrum are not altered
by radiation. Furthermore the fiber coating has an influence on the wavelength
shift, when the fiber is stressed by e.g. shrinking of the coating due to radiation
[65]. Long-term irradiation of FBG sensors over a period of 40 month in a
nuclear reactor revealed suitability of FBG sensors [52]. The selection of the fiber
material and the fabrication technique of the FBG enables to produce sensors
that are less sensitive to radiation [69]. Contrary to rare-earth doped fibers,
where hydrogen loading decreases radiation sensitivity, FBG sensors should be

written in photo-sensitive fibers with a high Germanium concentration [68].

6.2.3. Simulation of Radiation Exposure for Orbital Missions

In order to design and develop a satellite system, the expected radiation envi-
ronment of the planned mission has to be identified. This can be done using the
online simulation software SPENVIS (Space Environment Information System)
provided by ESA [44].

Tab. 6.1.: The Earth orbit is usually divided into three regions: LEO, MEO and
GEO. The simulation parameters given are used for achieving the
results of figures 6.1 and 6.2.

Earth Orbit Low Medium Geostationary
Altitude [km] 200 - 1200 2000 - 35000 35786
Typical mission Earth observation GNSS Telecom
Simulation parameters

Altitude: 820 km 23600 km 36000 km
Inclination: 98.8° 56° 0°

76




6.2. Space Radiation

1.0E+08
1.0E+07 ~-LEO = MEO —+ GEO
1.0E+06
1.0E+05 -
1.0E+04 -
1.0E+03 -
1.0E+02 -
1.0E+01 -
1.0E+00

Total Ionizing Dose [rad]

0 5 10 15 20

Aluminum Shielding [mm]

Fig. 6.1.: Accumulated total ionizing dose within a mission duration of one year
according to the orbit parameters given in table 6.1 simulated with
SPENVIS [44].
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Fig. 6.2.: Accumulated non-ionizing dose within a mission duration of one year
according to the orbit parameters given in table 6.1 simulated with
SPENVIS [44].
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Different simulators can be used to determine the accumulated dose of elec-
tromagnetic and particle radiation for user defined orbits in dependence of
shielding. Figures 6.1 and 6.2 show the simulation results for the three main
orbit types LEO (low Earth orbit), MEO (medium Earth orbit) and GEO (geosta-
tionary Earth orbit) according to Table 6.1. The total ionizing dose (see figure
6.1) in MEO is higher than in GEO due to the outer Van Allan radiation belt.
Therefore most of MEO's total dose is due to electron irradiation. Because of
the inner belt, that consists mainly of protons, the non-ionizing dose is highest
for LEO.

A radiation sensor onboard the GIOVE (Galileo in-orbit verification) satellite
verified SPENVIS simulations carried out prior to the GIOVE mission, although

with divergences within measurement accuracy [149].

6.3. Microgravity and Vacuum

Thermal effects on space-borne systems occur due to microgravity and due to
vacuum. Therefore descriptions of both environmental effects are combined
within this section. During lift, earth’s atmosphere is left whereby the outside
pressure of the spacecraft reduces. If gas inside the system has to be released,
some kind of vents are necessary to ensure that the housing of the system is not

harmed by forces due to remaining pressure differences.

6.3.1. Thermal Issues

Due to vacuum and the absence of gravitation, thermal convection is not avail-
able for heat transfer (unless pressurized housings and fans are used). Therefore
only thermal radiation and thermal conduction can be used for waste heat dis-
sipation. Thermal radiation only works, if the surrounding equipment serves
as heat sink at a lower temperature than the system that dissipates heat. If this
is not the case in a spacecraft, copper bands connect the heat source inside the
spacecraft with a heat sink that is located outside and points to deep space. The
design of the heat conductor takes into account the required operation tempera-

ture and amount of waste heat of the system. Adequate design of the thermal

78



6.3. Microgravity and Vacuum

interface can be challenging, if the system has different operation modes that
produce different amounts of waste heat. Thereby the heat conductor has to
be designed such that the system keeps its operating temperature within the
range from minimum to maximum produced waste heat. If this is not possible
either an active temperature control, e.g. heat pipes or electric heaters have to
be used. Another approach can make use of a pressurized housing where the
system is encapsulated. Due to the absence of gravity, ventilators have to be
used to enable heat exchange by thermal convection inside the housing. This

solution is only possible, if the housing is colder than the heat source.

Temperature control and dissipation of waste heat by conduction result in
enhanced complexity of the system. This goes along with higher development
and production costs and reduced overall efficiency of the system. Therefore the
development of space borne systems aspires to an enhanced temperature range
the system can cope with, or to internal heat exchange mechanisms whereby

external heat transport is minimized.

6.3.2. Outgassing Issues

Synthetic materials, e.g. polymers or lubricants, can include plasticizers that dif-
fuse out of the material under vacuum conditions. One negative effect thereof
is reduced flexibility or altered characteristics of the material. If for example the
material is used as a seal, the closeness of the system may disappear. Moreover
the freed molecules can cause problems if they contaminate surfaces from e.g.
free space optical components. Outgassing strongly depends on temperature,
the higher the temperature, the faster the outgassing progresses. Thus pro-
cedures like thermal cycling or out-baking of materials can be carried out to
intentionally cause outgassing of materials prior to their use as components in

the system.

Outgassing is attended by mass loss due to the freed molecules. ESA and NASA
hold data bases with qualified materials that show a tolerable total mass loss
(TML) [165]. The lower the TML, the better the material is suited for space
applications.
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6.4. Shock and Vibration

High vibrational loads with accelerations up to several hundred g dependent
on the launcher that is used (e.g. Ariane, Sojus or Vega) affect the system during
launch. Usually the launcher has several stages that are ignited consecutively.
Every time one stage is burnt-out, it is separated from the launcher by explosive
charges. Thereby shock loads up to several thousand g appear. Within the user
manual of the Ariane 5 launcher [139], shock values up to several thousand g
are given as worst case assumption. This has to be taken into account, when
a system is design for a mission that is launched by Ariane. The shock and
vibration loads that penetrate the instrument e.g. an OAC or OFC inside
the satellite housing are lower due to damping of spacecraft and instrument
mountings. If, however, a sensitive or alignment critical part of an instrument
has to cope with such requirements, either the mounting has to be mechanical
robust enough or additional locking mechanisms have to be implemented.
Special devices are available that lock e.g. moving parts of a system to a save
position during launch. As soon as the satellite is in orbit, the mechanism
releases and normal operation can start. The challenge is not to construct a
locking mechanism that withstands the shock load, but to make sure that it
is able to release by all means even after high loads have been applied to the
mechanism. Therefore mature technologies have to be used, some of which are

commercially available [182].
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Combs for Space Applications

This chapter summarizes the optical frequency comb development for appli-
cations in space carried out in this work. First, in section 7.1, two promising
laser sources are selected for further development. Their characteristics are
described in section 7.2. Test planning and considerations concerning the test
facilities are shown in section 7.3. Thermal-vacuum and Gamma-radiation tests
and corresponding test result evaluation are summarized in sections 7.4 and
7.5.

7.1. Selection of OFC Technology for Further

Development

Various OFC setups, based on different laser technologies, are under investi-
gation throughout the scientific laboratories and national metrology institutes.
Therefore an inquiry was performed taking into account mainly space com-
patibility issues of the various OFC technologies. Several other schemes than
the examined Titanium-sapphire and fiber based lasers exist [51]. A promising
candidate is an OFCs based on microresonators [31][28][7]. Since this tech-
nology is still under development and has not lead to a commercial product
(TRL < 4 [110]) it has not been taken under consideration for development of a

space-borne system within this work.

Table 7.1 shows a qualitative evaluation of the studied OFCG technologies. The
tield of OFCG technologies was divided into fiber and bulk lasers. Thereby
a trade-off between technologies that are compatible with space environment

and that show high performances has been carried out. The result is that fiber
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based OFCG technologies based on Erbium and Ytterbium doped fibers are

promising candidates for a later operation in a space-borne system.

Tab. 7.1.: Trade-off between fiber based and bulk laser sources. Although the
measurement performance of fiber based systems is moderate com-
pared to the high performance of e.g. bulk lasers, their overall applica-

bility for space-borne systems is high.

Laser Fiber Lasers Solid State Laser
technology
Requirement (e.g. Er and Yb doped) | (e.g. Titanium-Sapphire)
Technological maturity High High
Robustness of setup High Low
Compactness of setup High Low
Service-free operating time High Low
Operational lifetime High Medium
Power efficiency High Low
g/ﬁ;;lgement performance Medium High

Most of the complexity of an OFC lies in the femtosecond laser source also
called optical frequency comb generator (OFCG). Two fiber-based OFCGs have
been selected for further development within this work. In particular thermal-
vacuum and Gamma-radiation tests have been carried out in order to evaluate
space compatibility of the lasers. Fiber based OFCs have already demonstrated
long-term and stand-alone operability [99][32].

7.2. Description of OFCG Systems

Two ultra-short pulsed laser systems have been tested. The main characteristics

of both systems are listed in table 7.2. Laser-1 is completely equipped with
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control actuating mechanisms that would allow to use it as OFCG in a stabilized
OFC setup. Laser-2 does not support OFC generation because of its long pulse
duration and missing control mechanisms for OFC stabilization. However, the
technology of Laser-2 can be further developed to a space-borne OFC because
of its stable pulse generation based on SESAM soliton mode-locking [172].

Although Laser-1 and Laser-2 are not comparable in terms of their performance
because of their different characteristics, they allow evaluation and comparison

in terms of space compatibility.

Tab. 7.2.: Key parameters of the two OFCG systems based on Erbium and Ytter-

bium doped fibers.

Laser-1 Laser-2
Mode-locking principle NLPR SESAM-soliton
Gain fiber Erbium doped Ytterbium doped
Fiber type Single-mode Polarization maintaining
Output wavelength 1550 nm 1030 nm
Mean output power 45 mW 10 mW
Pulse duration ~ 100 fs =6 ps
Repetition rate 100 MHz 30 MHz
Control mechanisms for Yes No
OFC stabilization

7.3. Test Plan and Test Environment

The intention of the accomplished environmental test sequences was to identify
the ranges within the OFCG operates normally rather than to test the OFCG
within a given temperature range or up to certain level of radiation dose.

Therefore two environmental tests have been carried out successively:
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1. Thermal Vacuum Test
This test simulates the temperature range inside a typical spacecraft under
vacuum condition. Only thermal radiation at the surface and thermal con-
duction through the mounting of the OFCG is available for heat transfer.
In order to verify the measurement results, thermal simulations have been
conducted prior to the TV test.

2. Gamma Radiation Test
Space radiation is a serious issue especially for optical and electronic
components (see also chapter 6). Therefore the optical gain fibers of both
OFCGs and the SESAM, which have been identified to be most sensitive

to radiation, were exposed to Gamma radiation.

In order to enable identification of a possible error source during environmental
testing, only the most critical parts of the OFCG were subjected to the relevant
environment. During thermal-vacuum (TV) tests only the optical laser-head
resided inside the thermal vacuum chamber and during Gamma-radiation
tests, the critical elements (gain fibers and SESAM) were tested sequentially.
Irreversibly damaged components were exchanged after each test. During all

tests the output parameters were monitored on-line.

7.3.1. Measurement Setup

A computer controlled test system has been set up to perform all tests automat-
ically. Both subsystems of the OFCG, the laser head and the control unit, are
connected to a set of measurement instruments during the test series similarly

to figure 7.1.

All measurement instruments as well as the OFCG itself are controlled by a
host platform based on a PXI system of National Instruments®. Also data
acquisition of measurement data of all instruments is performed by this host
using LabVIEW® software. Therefore control panels of the instruments are
emulated in order to allow instrument remote control which is similar to nom-
inal operation of the single devices. Settings of all instruments are stored as

header information within each single measurement file [60]. This ensures
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Fig. 7.1.: All measurement instruments are controlled by a central host PXI
computer from National Instruments®. Measurement data of all in-

struments are sent to the host for storage.

that measurement results are repeatable and error calculations, which usually
depend on the instrument settings, can be carried out after the test series. The
OFCG electronics is powered by an UPS (Un-interruptible Power Supply) in
order to eliminate external power disturbances. This precaution is of particular
importance since the OFCG electronics is equipped with sensitive auto shut-off
features that can be triggered by voltage spikes. Since the measurement system
carries out all tests in stand-alone condition, it becomes of special importance
that tests, which are not continuously supervised by an operator, are not inter-
rupted. Part of the measurement equipment (e.g. autocorrelator) is connected
to the laser head via free space optics. Where necessary, care has been taken to
optimize the polarization orientation of the OFCG output signal relative to the

required instrument input.

7.3.2. Test Parameters

The following parameters have been selected for monitoring throughout the

test series:
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¢ Temperature data from thermal sensors inside the laser head.
Up to 16 temperature sensors have been distributed inside the Er and
Yb laser heads. Thereby temperature gradients inside the laser head are
measured during TV testing and are compared to thermal simulation

results.

¢ Spectral width of the laser pulse
An optical spectrum analyzer (OSA) was used to measure the spectral

width of the output pulses of the lasers.

* Repetition rate
A photo detector in combination with a frequency counter was used to

continuously log the repetition frequency of the laser.

¢ Optical output power
Optical power meters continuously log the output power of the lasers
under test.

¢ Temporal width of emitted pulses
An optical autocorrelator is used to measure the temporal width of the

emitted pulses.

7.3.3. Test Facilities

Thermal Vacuum Chamber This test environment supports a pressure of less
than 10~° mbar. Within the TV chamber a thermal shroud accommodates the
OFCQG laser head. Temperatures from 113 K to 433 K can be applied to the DUT.
The temperature of the thermal shroud is actively controlled by electric heaters
and nitrogen cooling with a maximum temperature gradient of 1°C’ per minute.
By placing the OFCG on thermal insulation posts, only heat transfer based on
thermal radiation was available. The inner sides of the walls of the thermal

shroud are the only heat source and sink for the OFCG.

Radiation Source This test environment is based on the radioactive isotope
Cobalt-60 (§2C0). The test facility provides a dose rate of up to 45 Gray per
hour. $9Co decays into an excited state of Nickel by emission of electrons at
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Electrical and
optical feed through

Fig. 7.2.: Overview of the thermal vacuum setup which accommodates a ther-

mal shroud for temperature control. The OFCG is installed inside.

energies of either 0.31MeV or 1.48MeV. Afterwards the excited Nickel sends
out gamma rays with energies of 1.17M eV and 1.33MeV in order to reach its

ground state $JNi. Figure 7.3 shows the decay scheme of Cobalt-60.

1.1732 MeV ~

1.3325 MeV ~

SNi
Fig. 7.3.: Cobalt-60 decays into Nickel-60 by sending out electrons and gamma
rays [95].

In order not to distort the radiation test results by the appearance of beta
radiation, an acrylic glass plate with a thickness of 5 mm was placed between
the radiation source an the OFCG. Thereby electrons are efficiently blocked [78].
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7.4. Thermal-Vacuum Testing

This section summarizes the TV test results. Prior to the TV tests a thermal
model of the OFCG has been created in order to verify the measurement results.
Experiences with the systems are interpreted with regard to operation of the

OFCG in a later space environment.

7.4.1. Thermal Simulation

Integrating a standalone OFCG inside a satellite requires appropriate thermal
management. The OFCG itself dissipates electric energy and therefore builds a
heat source. Surrounding heat sinks like other systems or the satellite housing
itself enable heat exchange between the OFCG and its environment. Mounting
interfaces of the OFCG that are used to conduct the produced heat to e.g.
external radiators need to be defined in terms of size, thermal conductivity and
temperature in order to act as a thermal sink. This is necessary in order to reach
a balance between the heat that is generated by the OFCG due to electric energy
dissipation and the heat that is radiated or lead off the OFCG housing without
exceeding the allowed temperature range of the OFCG.

As a first step a steady state analysis was performed. Therefore a simulation
tool was programmed based on Stefan-Boltzmann'’s law of thermal radiation
[140]

Prad = 1 (17 ] ( 1 1) (TéFCG’ - T/f/,lousing) (71)

corccAoFrca Ahousing €housing

and on thermal conduction via the mounting interfaces [100]

)\ Amoun n, T - T ousin,
Pcond = n ! g( OZFCG h g) . (72)
The surface area of the OFCG Aprcg, the satellite housing A,,ounting and a
number of n mounting interfaces with a footprint of A,,,unting and a length
of [ as well as the thermal parameters conductivity A and emittances corce
and €using are entered by the user. A root-finding algorithm based on the

regula-falsi method [143] is then used to find the point of thermal equilibrium.
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Thereby it is assumed, that the power difference AP between the supplied
electric power P,.; and the optical output power F,,; of the OFCG equals the
waste heat power: AP = P.;;,, — Poptout = Peona + Praa- After several cycles of
the numerical algorithm the steady state temperature of the OFCG within a
given maximum error range of 5 mK is found and displayed. Figure 7.4 shows
the GUI of the simulation tool where the parameters can be entered and the
steady-state result is displayed.
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Height /\Height
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A
J 0,01 ﬂ This Application is intended to estimate the
temperature of an OFCG inside a satellite. For
Thermal conductivity thermal equilibrium applies:
A
v 0,200 W/ (m*K)| P(radiation) + P(conduction) = P(electrical)

Fig. 7.4.: This simulation tool has been developed in order to calculate the ther-
mal equilibrium of an OFCG inside a satellite. The thermal equilibrium
is calculated using a numerical method that takes into account heat

transfer by means of conduction and radiation.

This simulation is a first estimation where the OFCG is assumed to be a ho-
mogeneous block without internal temperature gradients. Also the obtained

results are only true for infinite settling time with constant conditions. As a
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starting point for the dimensioning of mounting interfaces to the satellite bus,

however, the results of this simulation software have been proven to be realistic.

As a second step the internal temperature distribution was simulated using
FeMap® finite element simulation software. Therefore thermal models of OFCG
and TV chamber were created and a simulation was performed that revealed the
internal temperature distribution. Therefore it was assumed that the difference
between optical pump and optical output power is equal to the waste heat that
is produced by the optical gain fiber inside the laser head. Furthermore, mean
values for the rejected heat of the electric actuators have been assumed. Since
the position of the gain fiber and all actuators are known, a precise model could
be established (see figure 7.5).

thermal vacuum chamber

Fig. 7.5.: A thermal model of the OFCG was developed in order to verify mea-
surement results. The OFCG inside the TV chamber was modeled (left
hand side) and the temperature distribution was simulated (right hand
side).

Simulation and measurement results are compared in figure 7.10.

7.4.2. Thermal-Vacuum Test Results

In order to maximize thermal coupling by radiation, the OFCG was coated
with Nextel® Velvet Cording 811, a matte black paint that is vacuum proven
with an emission coefficient of 0.9 [107]. The control unit and the measurement
equipment are located outside the TV chamber, because only the laser head is

under test. All electric cables and optical fibres are connected to the control unit
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by means of dedicated vacuum tight feed throughs.

Repetition Rate  Several thermal cycles in the temperature range between
280 K and 320 K are performed. This thermal cycling is not carried out according
to the definition in the ECSS standard (see also 6.1.2) because it is not aimed
for qualification of the OFCG. The idea of these test series is to identify the
sensitivity of the OFCG’s repetition rate due to variation of the temperature
inside the chamber. During thermal cycling, the repetition rate of the OFCG

output changes due to:
* Refractive index change of the optical fiber,
* Length change of the optical fiber,

¢ Length change of the free-space optical path length due to length change

of the aluminum housing.

All three effects result in an indirect proportionality of repetition rate f,., and
temperature T. The measured gradient of the repetition rate of Laser-1 in figure

7.6 has been linearly interpolated to

dfrep Hz
T = 937 7 (7.3)

For calculating the repetition rate, following formula has been derived:

1 1
=5 = = - (7.4)
T TfibeT + Tfree nr - Sfiver +nr - S free

S

wherein sy, and sy, are the lengths of the resonator fiber and the free space

optics respectively. The temperature dependent refractive index of the fiber is
Ny = Ngipero - (14 ay (T — 293K)) (7.5)

wherein «,, stands for the thermal expansion coefficient of the optical fiber.
Linear Taylor approximation [143] yields the final equation of temperature
dependent repetition rate:

frep(T) _ fmp’o_c(nfibeﬁosfibeﬁo (an + afiber) + nairsf;ee,oaalu) (T . T0)+O (TQ)
(nfiber,OSfiber,O + nairsfree,O)
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Fig. 7.6.: Variation of repetition rate during thermal cycling. At a temperature
around 307.5 K, the laser lost its mode-lock state which results in a lack
of measurement points for the repetition rate. After a certain time, a

new mode-lock state was found.

(7.6)

An error estimation of the higher order residual term results in

o (0(1?)) = ;(iﬁ?)w (T —293K) < 1- 10—2[;;2 for (Ty<€<T).

(7.7)

Inserting all measurement values allows the calculation of the repetition rate to

Af(T) . Hz Hz
AT 937? + 1? (7.8)

which lies within the measurement accuracy.

Equation 7.6 allows to calculate the repetition rate change for a occurring
temperature deviation. Thereby an OFC can be designed with a suitable control

actuator that is able to control f,., within a given temperature range.
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Optical Output Spectrum  During thermal cycling in the thermal vacuum
chamber, the optical output spectrum of Laser-1 alters as shown in figure
7.7. A continuous-wave (cw) peak occurs in the spectrum that is temperature
dependent. Since mode-locking is based on non-linear polarization rotation, a
change of the refractive index of the fiber due to temperature variations results
in a degradation of mode-locking performance. The position of all waveplates
(see also section 4.4.2) stays constant although the linear polarization angle
rotates due to the Kerr effect. This gives rise to cw light passing the artificial

saturable absorber.
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Fig. 7.7.: Optical output spectrum of Laser-1 during thermal cycling. A cw-peak

occurs due to changes of the refractive index of the fiber.

The output spectrum of Laser-2 remains unchanged in terms of spectral shape
but shifts to higher wavelengths as the temperature rises. According to the
manufacturer of Laser-2, an internal power stabilization loop is responsible for
this behavior. The absence of cw-peaks demonstrates the suitability of SESAM

based mode-locking for environments with varying temperature.
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Fig. 7.8.: Optical output spectrum of Laser-2 during thermal cycling. The shift

is due to an internal optical output power stabilization.

Optical Autocorrelation Function  In order to determine the pulse duration
in the time domain, an optical autocorrelator was used. Figure 7.9 shows the
measured ACF for different temperatures according to figure 7.7. Correspond-

ing cw-peaks yield a pulse broadening as expected.
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Fig. 7.9.: Duration of optical output pulses of Laser-1 during thermal cycling.
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7.4.3. Thermal-Vacuum Test Evaluation

The TV-tests revealed that the NLPR mode-locking is more sensitive to tem-
perature varying environments than SESAM soliton mode-locking. An overall
agreement between simulation and measurement results below +0.2 K was

achieved as shown in Figure 7.10.
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Fig. 7.10.: Simulation and measurement results of TV-tests agree within a tem-
perature difference of +£0.2 K.

7.5. Gamma Radiation Testing

In order to identify the sensitivity of the most critical optical components inside
the OFCG [129], a radiation test series was performed using a Cobalt-60 gamma
radiation source. The dose rate was constant at a value of 0.01 Gy /s throughout
the tests, whereby 3.6 krad of total dose are applied to the devices under test
(DUT) within one hour. Lead blocks were used to shield the surrounding
equipment; thereby it was made sure that radiation damage only occurs in the
DUT. Four different types of fibers were used throughout the tests:

e Er
This type of Erbium doped fiber is the same that is implement within
Laser-1.
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e Er-2
This type of Erbium doped fiber is hydrogen loaded. It was provided by
the fiber optic research center (FORC) in Moscow [198].

¢ Er-3
This is the same type of Erbium doped fiber as Er-2 but without hydrogen
loading. It was also provided by FORC and allows to identify the effect of
hydrogen loading by comparing the results gained with Er-2 results.

* Yb
This type of Ytterbium doped fiber is the same that is implement within

Laser-2.

For every test a new fiber of each type was implemented in the corresponding
test setup. The lengths of the fibers were made equal to lengths used inside the
lasers to approximately 0.8 m. Furthermore, verification measurements before
and after each test were carried out in order to make sure that the measurement

setup remained unaltered.

7.5.1. Amplified Spontaneous Emission Test

Amplified spontaneous emission (ASE) is generated when a laser gain medium
is pumped to produce population inversion [151]. In these tests, the pump
diode emitted light at 980 nm. The rare-earth doped fibers were used as gain
media. Since ASE, in contrast to stimulated emission, does not show a preferred
direction, its power is measured in backward direction (see Figure 7.11). The
spectrum of the transmission is measured by an optical spectrum analyzer at
the fiber output. Figures 7.12 and 7.13 show the ASE test results of the Er and
Yb doped fibers. A detailed ASE test result summary is given in table 7.3.
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Fig. 7.11.: ASE setup for radiation test of fibers. The gain fibers are pumped by
a 980 nm single-mode laser diode. The ASE is measured in backward

direction with a power meter, an OSA measures the output spectrum.
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Fig. 7.12.: Measurement of output spectrum during irradiation of the Er fiber.
The unconverted pump power at 980 nm and the lasing wavelength

at 1550 nm are shown.
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Fig. 7.13.: Measurement of output power and spectrum during irradiation of
the Yb fiber.

The Er fiber of Laser-1 shows the highest degradation of 2.5% per krad of total

dose. The results for Er-2 and Er-3 fibers prove the radiation hardening due to

hydrogen loading. The Yb fiber shows losses that are by a factor of three lower
than for the Er fiber.

Tab. 7.3.: Summary of fiber radiation test results using the ASE setup.

Fiber Power Power | Irradiation | Total dose | Degradation
Start Stop time

Er 125 yW | 86.00 pW 4h 14.52 krad | 2.15 %/krad

Er-2, Hx-loaded | 28.40 uW | 25.50 pW 16h 57.60 krad 0.2 %/krad

Er-3, Unloaded | 71.8 yW | 7.70 uW 16h 57.60 krad 1.5 %/krad

Yb 157 uyW | 89.0 pW 3h 59.45krad | 0.72 %/krad
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7.5.2. Amplifier Radiation Test

A setup shown in figure 7.14 was used to identify if there are radiation effect

differences between pulsed and cw operation (ASE test). Laser-1 and Laser-2

fs/ps laser

)

;
1030/1550

5]
J

PXI
control
& DAQ

B

Fig. 7.14.: Amplifier setup for radiation test of fibers. The gain fibers are

Erbium/Ytterbium
i O sample fiber

&

pumped by a 980 nm single-mode laser diode and seeded by the
wavelength corresponding ultra-short pulsed laser.

where used as seeders during the respective radiation tests.

Figure 7.15 shows the powermeter measurement results in dependence of the
dose rate. Fibers Er and Er-3 show higher degradation gradients than the Yb
tiber. The hydrogen loaded Er-2 fiber shows a low degradation of 0.15% per
krad.
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Fig. 7.15.: Optical output power of the different tested fiber samples during

irradiation.

Tab. 7.4.: Summary of fiber radiation test results using the amplifier setup.

Fiber Power Power | Irradiation | Total dose | Degradation
start stop time

Er 870 uW | 357 uW 225h 81 krad 0.72 %/krad

Er-2, H>-loaded | 1.17 mW | 1.03 mW 22.75h 81.8 krad 0.15 %/krad

Er-3, Unloaded | 830 uW | 597 uW 7.6 h 27.6 krad 1.02 %/krad

Yb 978 uUW | 875 uW 15.35h 48.1 krad 0.23 %/krad

The Er fiber shows by a factor of three higher radiation damage than the Yb
fiber. The unloaded fiber Er-3 shows the highest losses (1.02% per krad).

7.5.3. Laser Radiation Test

The laser gain fibers Er and Yb are radiation tested during operation of the
OFCG. Figure 7.16 shows the measurement setups for Laser-1 and Laser-2.
Additionally the SESAM of Laser-2 was tested in a separate test sequence in
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order to determine its behavior under irradiation. The test results of this setup

directly simulate the application of an OFCG under radiation environment.

G

Er:doped area

Yb:doped

area

SESAM

free beam optics
(NLPR mode-locking)

control
electronics

trol
LD contro
electronics

Fig. 7.16.: Laser tests. The Erbium and Ytterbium gain fibers of the lasers as

well as the SESAM was irradiated during operation of the lasers.

Figures 7.17 and 7.18 show the test results for the Er fiber in Laser-1 and the Yb
fiber in Laser-2 respectively. Occurrence of cw-peaks under irradiation in the
spectrum of Laser-1 indicates a refractive index change of the Er fiber. The Yb
tiber of Laser-2 shows moderate losses of 0.082% per krad for a total dose of
more than 156 krad.

After the Er fiber of Laser-1 was uncovered, the laser started a 20 minutes mode-
lock search until a stable state was found. After a total dose of approximately
28.8 krad, Laser-1 lost its mode-locked state and started to search for a new one.
Since the optical output power had decreased, a new mode-lock state with the

parameters set in the control software was not found.

Figure 7.19 shows the results for the SESAM. After several krad of total dose
the SESAM improved its behavior but lost this improvement again after ap-
proximately 20 krad. At the end of the test, the SESAM achieved its initial
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Fig. 7.17.: Irradiation of the Erbium fiber mounted in Laser-1 results in a degra-
dation of approximately 0.7 % /krad optical output power and nar-

rowing of the output spectrum.
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Fig. 7.18.: Irradiation of the Ytterbium fiber mounted in Laser-2 shows a degra-

dation of 0.08 %/krad of output power, the spectrum stays constant.

performance.

The laser test results are summarized in table 7.5.

7.5.4. Radiation Test Summary and Evaluation

Varying degradations between the different tests suggest the occurrence of
photo-bleaching [81]. As soon as high intense light pulses propagate through
the fiber under irradiation, the degradation of transmission loss is decreased by
a factor of three compared to cw-light ASE test. High intense light of ultra-short
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Fig. 7.19.: Irradiation of the SESAM mounted in OFCG-2 shows no overall

degradation of output power.

Tab. 7.5.: Summary of fiber and SESAM radiation test results using the laser

setup.
Irradiation Power Power | Irradiation | Total dose | Degradation
sample start stop time
Er 15.97 mW | 12.93 mW 7.8h 28.5 krad 0.67 %/krad
Yb 170 uW 148 uW 434 h 156.2 krad | 0.082 %/krad
SESAM 184 uW | 184 uW 249 89.6 krad 0 %/krad

pulses thereby cures the F-center defects.

The Ytterbium doped fiber of Laser-2 is by a factor of three more radiation
insensitive than the Erbium doped fiber of Laser-1. The lowest radiation sensi-
tivity is achieved by hydrogen loading of Erbium fibers which is demonstrated
by comparison of Er-2 and Er-3 results. This type of fiber treatment should be
used for further development of a space-borne OFCG.
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8. Development of Optical Fiber Sensing
for Space Applications

Within this chapter the development of optical fiber sensing for applications in
space is summarized. A trade-off between different interrogation principles is
carried out in section 8.1. The interrogation principle of the selected scanning
laser technology is described in section 8.2. The architecture of the interrogator
hardware is illustrated in section 8.3. Characterization of the scanning laser
interrogator which needs to be performed prior to the operation of the system
is explained in 8.4. The development of the soft- and firmware of the sensing

system is summarized in section 8.5 and test results are outlined in section 8.6.

8.1. OFS Interrogation Technology for Space
Applications

Fiber optic sensing is on the way towards its utilization for space applications.
The advantages of optical sensors like Fiber-Bragg Gratings (FBG) are desired in
space applications: Lightweight, insensitivity to electro-magnetic disturbances,
ease of distribution and scalability are natural properties of fiber optic sensing
and requirements to a sensor system of a space craft. The possibility to imple-
ment several FBG sensors in one single sensor fiber without influencing each
other and to install such fibers in composite materials during their fabrication

are also desirable for space systems.

Launchers (e.g. Ariane) and satellites are currently monitored by hundreds of
electric sensors during test and qualification. Fiber optic sensing is regarded as

a potential technique to overcome limitations of recent monitoring systems.

Instruments based on tunable lasers are established devices for demodulation of
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fiber optic sensors. These state-of-the-art systems built on tunable laser sources
often use free beam setups for wavelength tuning. Thus they are sensitive to
environmental influences like vibration or temperature impacts. The sensor
interrogation system developed in this work is based on an electro-optically
tunable laser diode. This is a monolithic device and therefore insensitive to
vibration loads. By using fiber coupled photo detectors for input intensity
measurement, none of the subcomponents is sensitive to environmental distur-

bances, provided that the laser diode is adequately temperature controlled.

Regarding their implementation on-board spacecrafts, the interrogation tech-
niques summarized in table 8.1 show different advantages and drawbacks.
A spectrometer based system has already been developed in an ESA funded
project (see Annex A.1) and therefore shows the highest technological maturity
among the alternative designs. The edge-filter system is the most promising
candidate when high measurement rate for e.g. vibration sensing is required.
The disadvantage of the edge-filter approach is the fact that the design wave-
length of the sensor must match the crossing point of the edge filters. This also
implies that for every sensor a pair of edge-filters combined with two photo

detectors is required which results in a complex setup.

The scanning laser (SL) approach features the most compact and robust setup.
This all-in-fiber setup is robust against vibrational influences and thereby align-
ment free. The overall number of sensors does not influence the interrogator
design as long as the number of measurement channels stays constant. Further-
more, the system is scalable to high numbers of sensors by keeping the system
complexity low. Although the overall measurement rate decreases with rising
number of sensors (see formula 8.11), the achievable measurement rate due to
the developed peak-tracking algorithm is still compliant to the requirements

on-board spacecrafts (see section 8.5.2).
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Tab. 8.1.: Trade-off between OFS interrogation technologies. The majority of
requirements for sensing on-board a spacecraft is fulfilled by the

scanning laser interrogation technology.

Spectrometer Edge Filter | Scanning Laser
Requirement Interrogator Interrogator Interrogator
Technological maturity High Medium Medium
Robustness of setup Medium High High
Compactness of setup Low Medium High
Service-free operating time High High High
Operational lifetime High High High
Power efficiency Medium Medium High
High

M t perf

castiremen: perormance Low (suitable for Medium
(accuracy and rate) . .

strain sensing)
f

Number.o sensors / Medium Low High
complexity of system

8.2. Scanning Laser Interrogation Principle

During this work an interrogator based on a tunable laser diode has been de-
veloped where laser pulses at rising wavelengths are emitted as pulse train.
Reflected intensities are recorded and similar to spectrometer based interroga-
tors, a centroid algorithm is used to calculate the mean wavelength of the sensor
response. Figure 8.1 outlines the measurement principle of the scanning laser

interrogation system.

The SL interrogator is based on a tunable laser that is capable of providing
discrete wavelengths within its available spectrum from 1528 nm to 1571 nm
as described in section 5.4. The hardware architecture (section 8.3) of the SL
interrogator results in a very flexible and adaptable system. The main advantage

is the wavelength switching capability compared to standard interrogators of
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Fig. 8.1.: The scanning laser system emits laser pulses at ascending wavelengths.
Pulses of which the output wavelengths match the design wavelength
of the FBG sensor are partially reflected. The sensor response is deter-

mined by measurement of the reflected intensities.

the same measurement principle [50]. Since every wavelength within the output
spectrum of the MG-Y laser diode is accessible within the same switching time
on microsecond timescale, spectral areas without information can be omitted
during standard operation (see section 8.5.2) and each sensor can be measured
individually. Spectral gaps between two consecutive sensors can thereby be
skipped and overall measurement rate is increased. Further possibilities are the
adaption of measurement rate in order to implement priority to the sensor read-
out order. Important sensors that detect fast varying strain could for example

be read out more often than sensors that measure slowly varying temperatures.

In order to detect the peak wavelength of fiber Bragg grating (FBG) sensors, the
SL is able to scan through a spectrum in the infrared region with a width of
more than 40 nm. A sensor array can be connected to one measurement channel
by implementing several sensors with different design wavelengths inside one
sensor fiber. The SL interrogator searches for the sensor responses and is then
able to interrogate user chosen sensors sequentially. The magnitudes of the
reflected intensities depend on the actual sensor position that is determined by
the measurand (e.g. temperature). One single sensor is scanned by a variable
number of spectral sampling points and the spectral answer of the sensor is

then calculated by centroid algorithms. Depending on the spectral width of one
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sensor, the number of sensors that shall be interrogated and the required sam-
pling points per sensor, a maximum sampling frequency of 10 kHz is achievable

with the SL interrogator .
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Fig. 8.2.: Time and wavelength domain of one FBG sampled by a variable num-
ber of sampling wavelengths. Due to a measurand change, the sensor
answer is spectrally moving to higher or lower wavelengths. The
special centroid algorithm (SCA) determines the mean wavelength of

the sensor response.

In order to determine the current spectral position of a FBG sensor, the spectrum
is scanned with laser pulses generated by the MG-Y laser diode. Therefore the
SL generates a sequence of output laser pulses according to the DAC values
stored in the LUT. This results in a train of laser pulses (Figure 8.2-a), wherein
succeeding pulses show rising wavelengths. Actually, the laser emits light
continuously and not as pulses, but in terms of laser wavelengths a pulse train
occurs. When the wavelength matches the design wavelength of a FBG sensor,
the emitted light is partially reflected by the FBG and guided back to the photo
detector of the corresponding channel. The FPGA that evaluates these input
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intensities compares measured intensities with a user defined noise floor level
in order to distinguish between sensor responses (/;, > I,,5) and noise coming
from background light or from the electronics of the photo amplifiers (/;,, < I,,¢).
Figure 8.2-b shows a typical sensor response. The two intensities lower than
the noise floor at the edges of the sensor response enframe the spectrum of
the sensor peak. The wavelengths corresponding to these two intensities are
entitled )\, and ). as they are used as start and end point for sensor sampling
by the Peak-Tracking algorithm explained in section 8.5.2.

The respective sensor response in the wavelength domain is shown in figure
8.2-c. Since the wavelength are non-equidistantly distributed in the spectrum
(see also section 8.4), the number of sample points per sensors may vary, when

the sensor shifts spectrally due to measurand changes.

Sensor Evaluation by Centroid Calculation

The mean value of the sensor response can be evaluated in many ways. The
wavelength of the maximum or the start and end intensities (see figure 8.2)
could for example be defined as mean value of the sensor response. Gaussian
fitting can also be used for determination of the sensing value. In the case of the
SL interrogator, a special centroid algorithm (SCA) is implemented that evalu-
ates the center of the area beneath the envelope of the sampling points. This
algorithm has been developed for the SL interrogator and takes into account
the issue of non-equidistant sampling. Comparable to the standard centroid al-
gorithm, squares are generated for approximation of the areas. The difference is
that the width of the squares are adapted to the different wavelength distances.
Thereby the area is fit more accurately (see also figure 8.34).

Interim wavelengths in the middle between two consecutive sampling wave-
lengths are introduced for generation of squares to apply the SCA. The centers
of these squares A; determine the virtual sampling wavelengths ); that are
weighted by the size of the corresponding squares (figure 8.2-d). Using the

notation given in figure 8.2, the virtual sample wavelengths \; result in

Y — Aic1 + 2N + iy

i = T (8.1)
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The areas A; of the squares are given by

/\i+1 - >\i—1

Ai:
2

I;. (8.2)

This results in the centroid wavelength \g of the evaluated sensor of

£ xa
As = . (8.3)

The indexes ¢ — 1 and i + 1 of formulas 8.1, 8.2 and 8.3 have to be replaced by
s respective e if the first and the last values of the sensor response have to be
determined.

8.3. Hardware Architecture of Scanning Laser

Interrogator

The scanning laser (SL) interrogation system consists of several subsystems
according to Fig. 8.3. An embedded box PC controls the scanning laser that itself
is comprised of three sub-elements: Control and data acquisition unit (CDU),
laser and detection unit (LDU) and fiber coupler unit (FCU). Optical fiber
connectors allow to adapt the system to different optical sensor networks. The
embedded box PC accommodates all other scanning laser hardware, thereby
the overall system has only a volume of 30 x 20 x 12 cm?.

The CDU is in charge of the generation and adjustment of three laser control
voltages that are necessary for tuning of the output wavelength. The LDU
accommodates the MG-Y laser diode together with three voltage-to-current
converters for the control current generation. Furthermore laser diode driver
and temperature controller that bias the laser diode are implemented in the
LDU. The FCU distributes the light of the laser diode to all three sensor chan-
nels and guides the reflected optical measurement signals back to the LDU.
Photo-amplifiers (photo detectors combined with variable gain trans-impedance
amplifiers) are used for transformation of the photo currents into voltages that
are compatible with the input voltage level of the CDU. The measured inten-
sities are evaluated by the CDU and the mean wavelengths are sent to the PC
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where they are visualized and stored. The CDU is completely built by electronic
components, the LDU is the interface between the optical and the electrical
side where else the FCU and the sensor network consist of passive optical
components only.

/Scanning laser system A

[ Embedded box PC (Windows based) j

A
PCI interface

Scanning laser

v
Control / DAQ unit Laser / Detection unit Fiber coupler unit
(electronic) (opto-electronic) (optical)
A

Optical fiber link

Y

[ Optical sensor network j

Fig. 8.3.: The scanning laser (SL) system is based on an embedded box PC that
accommodates the scanning laser hardware (CDU, LDU and FCU). A
sensor network of up to three optical sensor fibers can be connected to

the SL interrogator at its current configuration.

8.3.1. Control and Data-Acquisition Unit

The output wavelength of the MG-Y laser diode depends on three input currents.
Therefore, three current control loops are implemented within the LDU that
lock the control currents to its set values. The CDU is used for generation of
three voltages that provide the set points of the current control circuits. The
CDU voltages are generated by digital to analog converters (DAC), of which
the digital input patterns are set by a field programmable gate array (FPGA).
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A memory block (SRAM) holds all necessary bit patterns in form of a look-up
table (LUT). A digital signal processor (DSP) commands the FPGA and thereby
the analog hardware of the system.

Intensity values (responses of the FBG sensors) are converted to analog voltages
by the LDU. Three analog to digital converters (ADC) are used to sample
the output voltages of the photo amplifiers of the LDU. The digital values
are provided to the FPGA where they are buffered in FPGA internal memory.
The DSP polls the FPGA, when a measurement cycle is completed and new
measurement data is available. The actual sensor responses are calculated by
the DSP with a centroid algorithm and are sent the embedded box host PC.
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Fig. 8.4.: Overview of control and data acquisition unit (CDU). It basically con-
sists of DSP, FPGA, SRAM, DACs and ADCs.

All of the DAC and ADC devices together require an overall number of 96 bit
for input control (three 16 bit DAC devices) and data acquisition output (three
16 bit ADC devices). To allow parallel data streams, an FPGA is implemented
which is capable of providing all output data and pick up all input data in
parallel. The DSP is best suited for calculation of the centroid algorithm (see

section 8.2). The SL hardware has been chosen to yield maximum system
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flexibility. If signal filtering (e.g. low-pass filtering) or averaging is required,

this can additionally be implemented within the DSP.

8.3.2. Laser and Detection Unit

The core of the SL interrogation system is a MG-Y laser diode of which the
technology is explained in detail in section 5.4. Since this laser diode is a
monolithic device and the interrogator does not have any free beam optics, the

measurement setup is insensitive to shock and vibration loads.
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Fig. 8.5.: Overview of control and detection unit (LDU). The MG-Y laser diode
is driven and temperature stabilized. The control voltage triplet gen-
erated by the CDU feeds the current control and thereby adjusts the

wavelength. The input intensities (reflected sensor responses) are

CDhU

A

N

transformed into voltages by variable gain photo amplifiers.

The output wavelength of the laser-diode can be adjusted electronically by feed-
ing in two analog currents Ir;, I, into the two grating structures. The injected
charge carriers result in a variation of reflected wavelength. A third current Ip),

is injected into a common area for phase adjustment. The wavelength cannot
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be adjusted continuously due to the principle of wavelength generation based
on the vernier-effect (see section 5.4). Only discrete wavelengths, which are not

equally spaced in the spectrum of the laser, can be adjusted.

Current Control Circuitry

The output wavelength of the MG-Y laser diode is adjusted by a set of three
control currents. Constant carrier injections into the reflection grating sections of
the laser branches are achieved that alter the refractive indexes of the reflectors
and thereby tune the output wavelength. As long as the resistances of the
current input ports are constant, voltages can be applied to the ports that yield
constant control currents. Output wavelength tuning is achieved by variation of
the input current magnitudes. Varying the input currents leads to variation of
the laser temperature (see also section 8.4) whereby the resistances of the control
current input ports are altered. In order to provide constant input currents and
thereby constant carrier flows into the reflection gratings of the laser, the control
currents have to be stabilized. This is achieved by current control circuits (CCC)

implemented for each input current as shown in figure 8.6.

PI voltage controlled
controller current source

set
voltage

current
sensing

Rshunt
t control

current

Fig. 8.6.: The current control circuit is used to lock the control current to its set
value. Therefore the input voltage is converted to an output current

that is kept constant by a feedback loop.
Since the CDU provides analog output voltages as set points for the three

laser control currents, conversion into currents has to be obtained by voltage

controlled current sources. The actual value of the laser input current is mea-
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sured as voltage drop across a shunt resistor by a differential amplifier [92].
Thereby the control variable is transformed into a voltage. This control voltage
is subtracted from the set voltage preset by the CDU whereby an error signal is
generated. A Pl-controller adjusts the voltage controlled current source [164] to

adjust the laser control current until the error signal vanishes.

Figures 8.7 and 8.8 show the simulation and measurement results of the CCC.
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Fig. 8.7.: Simulation of current control circuit using an input voltage U;,, with

maximum amplitude of 2 V and a frequency of 25 kHz.

0 20 40 60 80 100
Time [us]

Fig. 8.8.: Measurement of current control circuit using the input voltage U;,=2 V
at a frequency of 25 kHz.

Switching between zero and maximum common phase current 8 mA is simu-
lated. At a 25 kHz switching frequency of the set voltage Uj, the rise time for
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the output current /,,; is below 10 ps.

Temperature Controller

The temperature controller (TEC) of the laser diode is based on an integrated
circuit of Texas Instrument®). In order to adapt the TEC to the control path
consisting of a PWM current control, a Peltier cooler and a thermistor, the
frequency response of the TEC circuit has been determined using a frequency
response analyzer according to figure 8.9. This measurement device applies a
sinusoidal input signal to the PWM current control and measures the resulting
output temperature. The result is the transfer function [102] of the control path
shown in figure 8.11 as the Bode amplitude and phase diagrams.

ﬁE_&
I

E Peltier
L2 =

/\out

response analyzer

[ Frequency }

PMW control and gate drive

to .
\ RS 7 J

\

Fig. 8.9.: Frequency response measurement of the TEC circuit.

As shown in Figure 8.10, dimensioning of the PI controller requires the defi-
nition of two resistors and one capacitor [15] according to [115]. At 45° phase
deviation (see figure 8.11) the I-part K; takes over the dominant part of the

controller, which is at frequency of 0.025 Hz [106].
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Fig. 8.10.: PI controller based on an operational amplifier used for the TEC
circuit of LDU.

For the I-part of the controller, frequency, capacity and resistance are related by

the formula

1
K,=2-7 f=——. 8.4
High resistance and capacity values are required in order to reach the low
frequency of 25 mHz. Setting the capacity to 20 uF results in a resistance of

1

= 5o SRk, (8.5)

Ry

The P-part K, of the controller is defined as

_R2

= (8.6)

Kp
In order to identify the appropriate value for R;, the crossover frequency, which
is set by a phase margin of 50 degrees in our case, is evaluated in the phase
diagram of figure 8.11. At the resulting -130 degrees the frequency is 3.5 Hz
which in the amplitude plot refers to an amplification of A = K, = 15 dB.
Therefore R, according to formula 8.6 is calculated to R, = 1.5 M. These

values are used for dimensioning of the PI controller of the TEC circuit.
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Fig. 8.11.: Bode plot of frequency response measurement of the TEC circuit.

Transimpedance Amplifiers

For data acquisition of the reflected sensor intensities, three fast photo detectors
combined with transimpedance amplifiers are used as photo-amplifiers. An
inverter and a variable gain amplifier (VGA) adjust the voltage level in the 0 to
2V range of the DAC [16]. The gain of the VGA is adjusted by a bit pattern of
three digital signals that are generated by the FPGA of the CDU. This allows to
adapt the signal conditioning for each sensor and compensates fiber damping

which may arise due to fiber couplers.

The transimpedance amplifier is designed for high frequency input since incom-
ing pulse rate equals the pulse repetition rate of the SL interrogator [15]. Figure
8.13 shows the PSpice® simulation results of the transimpedance amplifier for a
parametric sweep [60] of the feedback capacity C',. Variation of C;, allows to
match the operational amplifier to the photo detector for high speed operation.
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Transimpedance amplifier

Inverter

Fig. 8.12.: Circuit of the photo amplifiers. A transimpedance amplifier, an in-
verter and a variable gain amplifier in series convert the reflected

intensities into analog voltages of appropriate magnitude for sam-
pling with the ADC of the CDU.

A value of Cy, = 0.4 pF' shows the best result and is chosen for implementation.

Vout [V]
[

0 10 20 30 40 50

Time [ns]

Fig. 8.13.: Simulation result of the transimpedance amplifier. A parametric
sweep of the feedback capacity C'y;, identifies the appropriate value.
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In order to verify design and simulation of the transimpedance amplifiers, the
frequency response has been measured. Therefore a signal generator was used
to provide a frequency sweep as input to the transimpedance amplifier. Up to
a frequency of 15 MHz, the transimpedance amplifier shows linearity and the

gain stays at a constant value of 10. Figure 8.14 shows the measurement results.

Gain
A
100

801
601
40+

201

. Frequency
[MHz]

10° 10' 10°

Fig. 8.14.: Large signal frequency response of the transimpedance amplifier. For

frequencies up to 15 MHz the response is linear.

8.3.3. Optical Fiber Sensor Network

The fiber coupler unit (FCU) is a completely passive coupling structure shown
in figure 8.15. At the current configuration, approximately 1.5 % of laser light
that enters the FCU reaches the photo amplifier when the wavelength is ad-
justed to the center of a FBG. A maximum reflectance of 20 % of the FBG is
assumed, which is the case for drawtower gratings that are used. The MG-Y
laser diode delivers an optical output power af 20 mW which therefore results

in a maximum of 0.3 mW of light that is reflected by an FBG at maximum.

The sensor network consists of optical fibers with inscribed FBG sensors. The
SL interrogator provides fiber optic connections for up to three measurement
channels (see Figure 8.15). Due to the sampling principle of the SL, there are
no requirements for the sensors in terms of spectral width or position. The
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Fig. 8.15.: Fiber coupler unit (FCU). Light coming from the MG-Y laser diode
is distributed to three measurement channels by a 1x3 fiber coupler.
The reflected signals are guided to the photo-amplifiers of the LDU
by three 2x2 couplers.

photo-amplifiers are designed to measure intensities in the range of 10 tW to
0.3 mW.

Since sensors have different distances to the interrogator, wavelength dependent
time-of-flights (ToF) occur for pulses that are emitted by the SL and reflected by
different FBG sensors. A new Time-of-Flight (ToF) algorithm is implemented
that copes with this issue (see chapter 8.5.3).

8.4. Scanning Laser Characterization

As explained in chapter 5.4, the wavelength of the MG-Y laser diode is changed
electrical by a set of three control currents that are provided at three inputs:
Right reflector, left reflector and common phase current. Changing one of
these control currents results in a change of the output wavelength. Since a
deterministic relation between control currents and output wavelength is not
provided by the operation principle of the MG-Y laser, a characterization cycle
has to be performed wherein the three currents are varied systematically and
the resulting output wavelength of each applied current triplet is measured and
stored.
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Fig. 8.16.: Flow chart of characterization cycle. The three control currents are
increased step-wise by the user defined value AJ until the maxi-
mum input current is reached. Every resulting output wavelength is

measured and stored together with the according current values.

Figure 8.16 illustrates the laser characterization. The maximum currents for the
control currents are, according to the data sheet of the MG-Y laser:. Ir; = 20mA,
Iry =20mAand Ipy = 7mA. The step-size Al is set to 0.2 mA for the reflector
currents and 2 mA for the phase current. This results in 40000 steps for one

characterization cycle, 10000 per phase current.

After characterization, the measurement results are evaluated and wavelengths
that do not fulfill the requirements of a side mode suppression ratio higher
than 30 dB and an absolute optical output power above 10.5 dBm are rejected.
Approximately 85% of the current triplets result in wavelengths that fulfill
the requirements. Three characterization cycles under constant conditions
are performed in order to ensure reproducibility of the measurement results.
Only current triplets that show a wavelength reproducibility within a range
of 5 pm are kept in the wavelength table. Figure 8.17 shows the results of
three characterization cycles with constant phase current /py = 2.1 mA. For

visualization purpose, offsets of +1 nm are added to two graphs to avoid
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overlapping.
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Fig. 8.17.: Three characterization cycles performed under equal conditions with
a phase current of 2.1 mA result in approximately 8500 reproducible
wavelengths distributed over a 45 nm wide spectrum.

Variation of the phase current Ipy results in a shift of the overall output spec-
trum. Thereby spectral gaps that result from missing overlap between resonator
eigen-modes of both reflectors can be filled. Figure 8.18 shows wavelengths
stemming from the entire characterization cycle with four different phase cur-
rents. Rising phase currents shift the spectrum to lower wavelengths due to

the carrier injection into the common phase area of the MG-Y laser diode (see
section 5.4).

The output spectrum of the MG-Y laser shows periodicity in terms of the
reflector and phase current variations shown in figure 8.18.
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Fig. 8.18.: Variation of the phase current results in a shift of the spectrum to-

wards lower wavelengths. Thereby spectral gaps can be filled.

124



8.4. Scanning Laser Characterization

Approximately every 6 nm, which equals a frequency of the FSR of the laser
diode’s resonator (see chapter 5.4), a wavelength jump is observed (see figure
8.19). At the points where the jumps occur, the corresponding reflector grating
has been varied by carrier insertion, such that two neighboring laser modes
overlap. This behavior is due to the vernier effect [175] and prohibits continuous

wavelength tuning.
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Fig. 8.19.: The output wavelength of the MG-Y laser is tuned. As long as identi-
cal modes of both resonators overlap, the output wavelength alters
in unchanged spectral direction. At points where different modes are
brought to overlap, the output wavelength jumps be integer multiples
of the FSR (approximately 6 nm).

The laser temperature during laser characterization is shown in figure 8.20
together with the measured reflector currents. The temperature control loop
achieves a constant laser temperature of approximately 29.78 4 0.020°C' in order

to ensure constant output wavelength.

A laser characterization cycle using a step width of 0.2 mA for both reflector
currents Iy, Ir2 and three different values for the phase current /py (according
to figure 8.18) yields more than 25000 control current triplets that generate
corresponding wavelengths although several of these wavelengths are equal.
Therefore another evaluation software scans through the wavelength table and
eliminates all wavelengths that are double. Furthermore wavelengths of which

the spectral distance is less than 7 pm are sorted out in order not to obtain
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a sensor response with more than 32 sampling points. A higher number of
sampling points per sensor is not supported by the firmware developed for
the interrogator. The result is a wavelength table that contains 4655 different
wavelengths \; within the available 42.3 nm wide spectrum of the MG-Y laser
(see figure 8.21). Two consecutive wavelengths have a mean spectral distance
of 9.1 pm within an overall spectrum from 1524.737 nm < \; < 1567.068 nm.
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0,02 T 29,79
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Fig. 8.20.: Variation of laser temperature during laser characterization. The laser

TEC keeps the laser temperature constant within a 25 mK frame.

The final wavelength table is ordered by rising wavelengths and implemented
in the memory of the CDU (see chapter 8.3.1) as look-up table (LUT) for wave-
length generation and centroid calculation. Every line of the RAM therefore
holds one wavelength which enables simple execution of the SL software be-
cause only pointers to memory cells have to be handled during operation.

Figure 8.22 shows the principle configuration of the LUT.
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Fig. 8.21.: The look-up table (LUT) holds 4655 wavelengths in rising order.

The mean spectral distance between two consecutive wavelengths is

9.1 pm.
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Fig. 8.22.: The LUT is implemented in the CDU memory and is used for wave-

length generation and centroid calculation.

8.5. Soft- and Firmware Architecture

The hardware architecture of the SL interrogator (see chapter 8.3) has been cho-
sen to ensure high flexibility by software programming of the system. Adjusting
the programs running at the Windows based embedded PC (called the host), at
the DSP and at the FPGA allows to adapt the functionality of the system to the
user requirements. The three programs that have been developed within this

work implement the following functionality:
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* Host: A graphical user interface of the SL based on Microsoft Visual
C++® has been implemented. Thereby the user can load the LUT into
the CDU memory, scan through the spectrum in order to identify sensors,
select sensors for continuous measurement and execute measurements.
The interface between the host and the SL hardware is standard PCI,
allowing to control the SL hardware and to acquire measurement data that

is displayed at the monitor and stored in files at the hard disc drive.

¢ DSP: The DSP connects the SL hardware to the PCI interface. Furthermore
it commands the FPGA and thereby all analog hardware. Dependent
on the operation mode selected by the user (see section 8.5.1) the DSP
is prompted to adjust the hardware accordingly (e.g. to start the peak-
tracking algorithm at the FPGA). Code Composer Studio® C++ develop-

ment environment is used to create DSP programs.

* FPGA: Providing input to all DAC and acquiring all ADC data is handled
by the FPGA. Since this device allows parallel execution, peak-tracking
is done by the FPGA in real-time where at the same time the laser is
controlled. Xilinx Webpack® is used for programming the FPGA in VHDL

programming language.

An overview of the SL CDU architecture that requires software programming

is shown in figure 8.23.

E"" E'E Analo
EMIF iooc: HW
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Fig. 8.23.: Overview of SL architecture that is configured by programming.
Three different programs are implemented in the host (Windows
based PC), the DSP and the FPGA.
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The communication between DSP, FPGA and RAM is based on data trans-
fer via the Texas Instruments® external memory interface (EMIF) bus which

implements register mapping.

8.5.1. Scanning Laser Operation

Three different measurement modes (see figure 8.24) have been implemented

in the SL interrogator:

Initialization

e Load DSP and FPGA
e Fill SRAM with LUT

v
Aoose
( N ‘
( B!
A

Manual Mode Spectrum Mode Operational Mode
A A

A 4

[ e Select sensors to be measured ]

* Aoutput e Measure entire spectrum
® Measure intensities at e Identify sensors
Channel 1, 2, 3 e Store measurement data o  Peak-tracking for selected

Sensors

e Calculate sensor response by
centroid algorithm

e  Store measurement data

~——o stop

yes

Fig. 8.24.: Three measurement modes are available. In manual mode one wave-
length is selected and output, in spectrum mode the entire spectrum
is scanned and in operational mode selected sensors are measured

continuously by peak-tracking.

* Manual mode: One wavelength that is available in the loaded LUT is gen-
erated by the laser diode and sent to all three measurement channels. The
reflected intensities are measured, displayed and recorded continuously.
Auto-repeat is available wherein a rate for measurement repetition can be

set.
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¢ Spectrum mode: All wavelengths within the LUT are generated by the
laser diode sequentially. For every wavelength, the reflected intensities
are measured. After the spectrum has been scanned using all 4655 wave-
lengths, the recorded intensities are displayed and stored in a measure-

ment file.

¢ Operational mode: Peak-tracking is used (see chapter 8.5.2) in order to
scan the selected sensors and track them in the case of spectral shifts due
to environmental loads. In order to use the operational mode, sensors
have to be selected. Therefore the spectrum mode is executed once in
order to scan through the entire spectrum. Existing sensors within each
measurement channel are identified and displayed. The user selects the
sensors that shall be measured, switches to the operational mode and

starts the measurement.

8.5.2. Peak-Tracking Algorithm

Contrary to comparable systems, the SL interrogator is capable of switching
to any available wavelength within its spectrum in less than a microseconds.
Therefore standard continuous sweeping through the entire spectrum is not
meaningful. A new measurement scheme, wherein spectral gaps between
consecutive sensors are not scanned but skipped is implemented in the SL
interrogator. Since most of the reflected spectrum consists of the gaps between
the sensors, overall measurement time is thereby reduced significantly. One
problem arises from this measurement scheme: Due to the fact that the sensor’s
spectral answers vary in time, a special algorithm for tracking the spectral

movement has to be implemented.

A sensor fiber including a number of eight sensors with a bandwidth of 200 pm
each yields a "spectral loading" of 1.6 nm. Since the full spectrum of the laser
diode comprises 42.3 nm more than 96.2% of the entire spectrum is unused
and can be skipped during the measurement. In order not to loose the spectral
answers of the sensors, their variation has to be tracked so that the sampling
wavelengths can exactly be attained. This is done by the peak tracking algorithm
that is explained in this section. Only one single FBG is considered for the sake

of simplicity.
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As shown in figure 8.2, Ay, and A.,q are the two wavelengths beside the
spectral answer of a FBG that have zero reflected intensity. Since there is always
some noise floor level I, ;, zero intensity in this case means a reflected intensity
has a value less than I,,s: Lcfi(Astart) < Iny correspondingly I, (Aena) < Inys. By
scanning through the entire output spectrum of the laser diode as an initial step,
these two wavelengths can be determined. After the measurement has started
and the spectral answer of the FBG moves due to alteration of the measurand,
the reflected intensities between I,.f;(Astare) and L. fi(Aena) are evaluated for
determination of the mean wavelength. The movement of the spectral answer
peak is tracked by additionally observing the two wavelengths I, (Asiqr) and
Lregi(Aend)-

/ Input: Nstart, Nend /

l

Istart = Measure-Intensity (nstart)
Iend = Measure-Intensity (Nend)

no
Istart < Ir\f N
no
1st Case 2nd Case 3rd Case
Measure intensities Measure intensities Measure intensities
between nstart and Nend around Nend around nstart

J J

B
Output: new Nstart, NEW Nend,
all measured intensities

Fig. 8.25.: This program flow diagram shows the different cases in the peak

tracking algorithm. Depending on the measured intensity values
of Leri(Astart) and Irei(Aena), the sensor answer is tracked towards
higher or lower wavelengths.
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Measurement Case Selection

1st Case: No movement If the measurand change is very slow or even zero,
the spectral peak does not move as far as the distance between two sampling
points which is approximately 9 pm in average (see section 8.4). This case is

indicated by the condition:

[Tefl()\start) < [nf A [refl()\end) < Inf (87)

In this case no further peak tracking procedure is necessary and all wavelengths

between A+ and A4 are sampled in order to recalculate the mean wavelength.

The condition of 8.7 could also be true when the spectral response of the sensor,
due to a high gradient of the measurand change, shifts so fast that it moves
completely out of the spectral region which is spanned by A+ and A.,q. At

the end of this section the possibilities for this error are discussed.

2nd Case: Movement to higher wavelengths If the measurand changes in a
way that the spectral peak shifts to higher wavelengths, the condition for the

second case is:

Irefl(/\start) < Inf A ]refl(/\end) > Inf (88)

Because I, fi(Asiart) does no longer belong to the spectral answer of the sensor,
this case can only be handled by sampling around A.,,4. Firstly, sampling starts
towards higher wavelengths until a wavelength with an intensity less than
I, is detected. This wavelength becomes the new end wavelength A.,,4 ncw
when the peak tracking procedure is started for this sensor the next time. After
Aendnew has been found, sampling starts again from A, but this time towards
lower wavelengths. The first wavelength which has a reflected intensity of less

than 7,,; becomes the new start wavelength A4t new-

3rd Case: Movement to lower wavelengths If the measurand changes in a
way that the spectral peak shifts to lower wavelengths, the condition for the
third case is:

]Tefl()\start) > [nf A ]refl(/\end) < Inf (89)
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Because I,.i(Aeng) does no longer belong to the spectral answer of the sensor
in this case, it has to be sampled around Ag,,+. The rest of the procedure is
performed according to the second case.

4th Case: Broadening of peak The fourth case theoretically is not possible.
However, due measurement noise the following condition might occur:

Irefl(/\start) > Inf A Irefl()\end) > [nf (810)

This would indicate a peak that is spectrally broader than the last time it was
measured. Handling this case is just the same procedure as in second or third
case and therefore not shown in figure 8.25.

Peak tracking measurement

In order to verify the peak tracking algorithm a beam in bending is used. A
FBG sensor is glued onto the beam and the start wavelength )\, was logged
during manual bending. A maximum strain of approximately 800 e is applied
to the FBG when the beam is fully bended. Figure 8.26 shows the logged start
wavelengths \,, the measurement rate during the test was 110 Hz.
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Fig. 8.26.: The logged start wavelength \; during measurement with a test setup
based on a FBG mounted on a beam in bending.
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Fig. 8.27.: The sensor is sampled by approx. 20 sampling points. Therefore a
sensor sample rate of more than 4.5 kHz is achieved by peak tracking.

Figure 8.27 shows an oscilloscope measurement of the sensor sampled by 19
points when the noise level is set to 100 mV. Therefore a time of 214 s is

required which results in a maximum sensor sample rate of fsp = 4.67 kH 2.

Limitations of the peak tracking procedure

Time that passes between two consecutive measurements of one FBG sensor

depends on the overall sensor sample rate fsz. Thereby the time delay T

between consecutive measurements of the same sensor is 7; = 1/fsg. The

measurement rate fsr depends on the number of senors Ng that are measured

sequentially, on the number of wavelength sampling points per sensor ns

and on the pulse repetition rate f,,, of the MG-Y laser diode:
forr

. 8.11
NS * Nspps ( )

fsr =

Considering a mean number of ten wavelength sample points per sensor np,s =
10 and a pulse repetition rate of f,., = 10 kH z, the two extreme cases for Ng
correspond to either one single sensor or the maximum number of 24 sensors.

This results in a range for the time delay 7} of

1ms < Ty < 24 ms. (8.12)
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Depending on the time delay 7,; between two consecutive measurements of
one sensor, a maximum change A,,,, of the measurand can be detected. If the
measurand change is faster than A,,,, /Ty, correct function of the interrogation
system is not assured, since the sensor answer peak may be lost. Assuming a
FBG sensor with a spectral bandwidth of 200 pm, our interrogation setup will
work properly if the measurand change satisfies the condition A4, < 8.32" for
a fully loaded system (Ng = 24) and A, < 20022 for a system holding only
one sensor. These values correspond to measurand changes of approximately
0.8% < Apagec < 19.3% for a temperature sensor. This gradient that can be
measured by the SL is higher than required for practical temperature sensing.
This allows to use the SL interrogator for sequential read-out of hundreds of
sensors. Sensing of e.g. 200 sensors sequentially would yield a measurement

rate of fsp = 5/s for each sensor at a sample rate of f,., = 10 kHz.

8.5.3. Time-of-Flight Algorithm

In the time domain picture all ten sampling wavelengths are sequentially gen-
erated by the laser diode (see also figure 8.2). Pulses are sent out by the SL
interrogator, guided to the corresponding FBG sensor and reflected back to the
SL for intensity measurement. "Time of Flight" (ToF) is defined as the travel
time of a sensing light pulse. Since the distance between the interrogator and
the sensor is different for each sensor also the ToF values for each sensor are
different from each other. In order to ensure that sampling of the measured
intensity of the corresponding wavelength pulse is performed at the correct
time, the ToF for each sensor has to be evaluated prior to the operation of the
system and implemented in the LUT as separate column. According to figure

8.28, the ToF value of sensor number i in channel number j is defined as

O.: -
ToF, =~ " (8.13)

C

wherein d;;, np and c stand for the distance between sensor and interrogator,

the refractive index of the optical fiber and the speed of light respectively.

At the current configuration of the SL interrogator, three measurement channels

accommodate up to eight FBG sensors at different positions. Therefore up to
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Fig. 8.28.: The Time-of-Flight (ToF) of a pulse depends on the position of the

sensor that reflects the pulse.

24 ToF values are possible. Since the SL can be configured to switch between
any two wavelengths of the available spectrum, the sensor sampling order can
be defined by the user. Because of the different ToF values due to the varying
sensor distances (see figure 8.28), overlapping of two reflected pulses can occur.
In order to avoid this error, the ToF-algorithm has been developed. Since further
development of the SL interrogator is foreseen where the system may have
more than three channels, the ToF-algorithm has been developed in general

without restriction to the current numbers of channels and sensors.

A maximum number of J measurement channels, each holding a channel
dependent maximum number of I; sensors is assumed. The ToF value of each
sensor therefore is characterized by two indexes j and i. An allowed spectral
range has to be defined for each sensor in which the sensor response may vary.
Figure 8.29 shows an example of measurement channels with allocated sensor

ranges.

The advantage of the MG-Y laser to switch between sensors independently
from the spectrum has the drawback that the CDU is in charge of the timing. A
sensing pulse sent to sensor S;; yields a reflected intensity that can be measured
at the corresponding photo detector after a delay time of T'0F};. Therefore the
ToF values of all sensors have to be known either by calculation according to
formula 8.13 or by measurement. Furthermore the spectrum has to be allocated
to the sensors of each channel. It is required that every sensor stays within
its pre-defined spectral range to ensure that sensors are not able to overlap

spectrally. Depending on the number of sensors [;, that are implemented
P y P 8 p
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within one sensor fiber, the overall spectrum is separated according to figure
8.29. The spectral regions may have different widths and are different for each
channel. The spectral range for each sensor is dependent on the measurand

(strain, temperature) and on the expected measurement range.

j=1 | ToFu| ToFw |ToFs| -+ | TORy |

AS /\e A’
=2 | ToF2x | ToF2 | o | TOF2|2 |

As A A
il |ToFwi| ToFw | ToFws | | [ToR |
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Fig. 8.29.: ] fibers are connected to the SL interrogator each holding a different
number I; of sensors. For each measurement channel, the output

spectrum of the laser can be allocated to the sensors differently.

The overall measurement rate of the SL interrogation system is limited by
the sampling rate f4pc of the ADC devices. Due to this quantization, the SL
interrogator can only handle ToF values as multiples of Tapc = 1/ fapc - The
interrogator emits a pulse and waits a predetermined number of clock cycles of
fapc before it measures the according photo detector input. In order to meet
the sampling theorem, the output duty cycle Tp of the laser must be longer
than Typc. Since the sampling rate fpac of the DAC devices at the current
system configuration is two times f4pc the duty cycle is set to a constant value
of Tp >=1.5-Tapc. Figure 8.30 illustrates sampling with varying ToF values

using the SL interrogator.

Assuming that a single sensor has to be evaluated by a centroid algorithm
based on 10 sample points, ten measurements are required. This takes a time of
Ty =10-2-Typc = 0.8 us for a single sensor measurement, for 7o = 2 - Type -
The interrogation system, if operated with one single sensor only, has therefore a
maximum measurement frequency of 1.25 MHz. This calculation takes not into
account low pass behavior of the LDU which reduces the maximum available

sample rate of the SL interrogator.

If a sensor channel holds I; sensors, it has to be dealt with I; different ToF
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Fig. 8.30.: In order to meet the sampling theorem, each pulse has a length of
Tp=1.5-Tapc.

values. By wavelength switching within the entire spectrum of the laser, 1!
(factorial operation) different sequences and I; x (I; — 1) different transitions
from one ToF region to another one are possible. Thereby overlap of incoming
pulses at the photo detector of the corresponding channel is possible as shown
in figure 8.31. This happens e.g. if two sensors inside the same channel are read
out in an inappropriate order. As long as all sensors are read out in the order of
rising ToF values, overlapping of pulses does not occur. If two sensors i and

i + 1 have to be read out in reverse order and overlap, a delay time of At

At = (ToFj; + Tp) — (ToFjis1) + To) (8.14)

needs to be inserted.

Considering a number of J sensor channels complicates the overlapping prob-
lem. Since every fiber contains /; different sensors, two or more sensors of
different channels can overlap spectrally (see figure 8.32). In order to avoid any
overlap at the detectors, each channel has to be read out in the order of rising
ToF values. Parallel read out of the two channels shown in figure 8.32 would
therefore result in a measurement sequence of Sy; — S11 — Sia — S22 — Sos .
On the right hand side of figure 8.32 the spectral positions of the sensors are
shown. Sensor S;, spectrally overlaps with sensor S,3 although the order of

138



8.5. Soft- and Firmware Architecture

To
a) -
Ip Tr
h S Si2 Si2 ~ ™
Tt
b ToFn ToF12
) -— -« >
Irp
Sn Si Si2 Si2
S \J 't
At

0) —> -
Irp
S S S Sz Sz
N 777 0 W D U

Fig. 8.31.: a) Sensors S;; and S;, of one measurement channel are sampled con-
secutively. b) T'oFy; < ToF, results in a delay at the photo detector.

c) ToFy, > ToFi; may result in an overlap at the photo detector.

Inserting a measurement delay of A, avoids overlapping.

rising wavelengths is met. Interrogating all sensors in the above mentioned
order could in this example result in an overlap of sensor pulses Sy, and Sy3 at

the photo detector of channel two.
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Fig. 8.32.: Two measurement channels are shown. Read-out according to rising

ToF values fails because S, and S;3 overlap spectrally.

One possible solutions to this problem is to design the measurement system in
a way that sensors of different channels are not able to overlap. This, however,
would restrict the high versatility of the interrogation system. Moreover the
adaptability to existing applications, wherein sensor fibers are for example
embedded in composite material, would become lost. A solution that can be
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implemented by software engineering is the calculation of a delay time A,
according to formula 8.14 and its insertion between the consecutive pulses that

read out Sy3 and Sy, in order to avoid overlapping.
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8.6. Test Results and Evaluation

Within this section, calibration and test results of the SL interrogator are sum-
marized. Figure 8.33 compares results obtained by the SL interrogator with
oscilloscope monitoring of the LDU transimpedance photo amplifier output.
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Fig. 8.33.: SL measurement in spectrum mode. The upper diagram was gen-
erated by monitoring the SL photo-amplifier output with an oscillo-
scope. The lower diagram shows the corresponding measurement file
that is recorded by the SL. Red circles indicate incorrect measurement

values due to mismatches in the LUT.
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Some measurement points deviate from the expected value. This is due to
the fact that some control current triplets do not yield the expected output
wavelength. Red circles in figure 8.33 indicate, where a wavelength was emitted
by the SL that should result in reflected zero but results in non-zero intensity.
During laser characterization the laser temperature was kept constant (see
tigure 8.20), because wavelength where only switched every couple of seconds.
During the spectrum mode, new control currents are applied to the laser every
100 ps. Therefore the temperature inside the laser diode varies since the TEC is
not able to control the temperature so fast. Thereby instable wavelengths can
occur randomly. The developed sensor evaluation algorithms however, can

cope with this issue and filter wrong measurement points.

The influence of the number of sample points per sensor on the measurement
accuracy has been investigated by measurement of a FBG sensor mounted on
a beam in bending. Figure 8.34 shows the calculated standard deviation for
different numbers of sampling points of one sensor. The measurement accuracy
was estimated by evaluation of fifty sensor measurements for each number of

sampling points at constant strain value.

—+— Non-equidistant Centroid —#- Standard Centroid

Jo

| S—

0 10 20 30 40 50 60
No. of sample points

Standard deviation [pstrain]
S

Fig. 8.34.: Down to a number of ten sampling points per sensor, the standard
deviation of the measurement of a strain sensor on a beam in bending
stays below 3 pe. The specially developed centroid algorithm for non-
equidistant sampling copes with varying spectral sampling distances

in contrast to the standard centroid algorithm.
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For a number of approximately fifty down to ten sampling points per sensor,
the standard deviation stays constant at a value less than 3 pe. Reducing the

number of sampling points below ten results in increased standard deviation.

Figure 8.34 compares the specially developed centroid algorithm (SCA) for non-
equidistant sampling (see also section 8.2) with the standard centroid algorithm.
The standard algorithm shows deviations since the SL interrogator does not

supply spectrally equal distributed wavelengths.

Figure 8.35 shows the calibration results of three FBG sensors in one mea-
surement channel at the design wavelengths 1528 nm, 1530 nm and 1532 nm.
The sensitivities of the three sensors are linear interpolated to 12.84 pm/K,
13.29 pm/K and 13.60 pm/K.
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Fig. 8.35.: Three FBG sensor calibrations in a waterbath. The water temperature
was measured with an electrical reference at an accuracy of 0.1 K.
Sensitivities of the sensors vary between 12.8 and 13.6 pm/K.

After sensor calibration, one sensor was thermally cycled in the waterbath. The
measurement result shown in figure 8.36 are confirmed by an electric reference
sensor. Deviations of the optical temperature sensing from the electric reference
measurement at approximately 1528.6 nm are due to instabilities of the laser

output wavelengths at this spectral position.

143



8. Development of Optical Fiber Sensing for Space Applications

1528.8

160
g 15287 15 5
= 150 &
< 15286 2
E 145 B
5 g
< 15285 140
§ 135 E
1528.4 I

1528.3 ‘ \ x . ‘ | . . . {25

0 100 200 300 400 500 600 700 800 900 1000

Time [s]

Fig. 8.36.: An FBG configured as temperature sensor after calibration. An elec-

trical reference sensor confirms the measurement results.

Two FBG sensors for high-temperature measurement, for measurement applica-
tions at e.g. jet engines, have been mounted an a structural demonstrator and
thermally cycled inside a high-temperature oven. Temperatures higher than

700°C have been applied to the sensors. Figure 8.37 shows the measurement
results.
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Fig. 8.37.: Temperature measurement results of two FBG sensors inside a high
temperature oven before calibration.

At the four temperature plateaus, four wavelength values of each sensor have
been measured according to table 8.2. Since FBG1 and FBG2 have different
design wavelengths, the offset between both sensors have been additionally
calculated and the mean value of the offset is determined to 6022 pm.
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Tab. 8.2.: Temperature measurement at four plateaus of figure 8.37.

Temperature | Wavelength FBG1 | Wavelength FBG2 | AA = FBG2-FBG1
[°C] [pm] [pm] [pm]

228 1551048 1557023 5975

429 1553683 1559686 6003

624 1556755 1562791 6036

720 1558312 1564389 6077

Using the measurement points of table 8.2 as reference points for mutual FBG
sensor calibration, the calibration functions of temperatures 7; and 75 in depen-
dence of A\; and A, for FBG1 and FBG2 have been quadratically interpolated to

o

Ty (\) = —1.68-10—6< ¢

-\ — 4.17-10%°C  (8.15)

respectively

o o

- Xy — 4.25-10°°C.  (8.16)

C 2
Ty (\g) = — 1.70.106< ) Ao® + 5.38

pm pm

Due to the mean offset of A\ ~ 6022pm between both sensors, A, in the equa-
tions is substituted by A, + A\:

T2 ()\2) ~ TQ ()\1 + A)\)
o 2 (o]
Ty(A2) = —1.70-107°(3€)"- (A1 + AN)? 4 5.38-C . (A + A)) — 4.25-10°°C
T1 ()\1) ~ T1 ()\2 — A)\)
o 2 o
Ty (M) = = 1.68-107°(3C) 7 (A — AN)® + 5.30:C - (A — AN) — 4.17-10°°C

(8.17)

These functions have been used to determine the calibrated measurement results
which are shown in figure 8.38. It can be seen, that the reference temperature
sensor was mounted outside the structural demonstrator, since its response to

temperature variations is always faster than the FBG sensor responses.
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.. Temperature measurement results of the two FBG sensors inside a

high temperature oven after calibration. The two sensors are mutu-
ally calibrated using values of the electrical reference temperature
sensor Ry_.; and quadratic interpolation functions derived from mea-

surement points of table 8.2.



9. Conclusion

Within this work two kinds of fiber laser based measurement systems have
been in focus for further development towards space-borne equipment. The
optical frequency comb (OFC) technology was examined in terms of suitability
for applications in space. Among the various OFC generation techniques,
two promising ultra-short pulsed lasers have been environmentally tested, the
results are summarized in section 9.1. Design constraints for development of a
future OFC for space applications are described by a development road-map in
section 9.2.

In the field of optical fiber sensing, an interrogator bread-board based on a
monolithic tunable laser diode has been designed and developed. The new
sensing algorithms for Peak-Tracking and Time-of-Flight correction have been
established in order to achieve a more flexible system with higher measurement
performance. The measurement results, summarized in section 9.3, reveal the
suitability of the interrogation system for replacing standard electric sensing. A
development road-map for further development of the MG-Y based interrogator

is given in section 9.4.

9.1. Discussion of OFC Development Results

This section summarizes the results of this work concerning the suitability of
tiber-based optical frequency comb technology for space use. The following
main conclusions have been derived from evaluation of measurement results
and from experiences during operation of the systems. High priority is given to

compatibility of the technology with expected space related requirements.
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1.
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Mode-locking principle

SESAM soliton mode-locking has proven higher robustness and better
suitability than non-linear polarization rotation (NLPR) mode-locking.
First, performance degradation of the NLPR laser output due to temper-
ature and irradiation has been observed during the environmental tests
(see chapters 7.4 and 7.5). The degradation results can result in a failure of
OFC generation. Second, up to four actuators are needed for NLPR wave-
plates rotation. Single failure of one actuator results in total dysfunction
of mode-locking search. SESAM mode-locking on the other hand works
completely passive without moving parts and results in a less complex
and more reliable OFC system. Third, SESAM mode-locking is based on
polarization-maintaining (PM) fibers whereas NLPR requires the use of
non-PM fibers. PM fibers yield higher robustness of the setup against tem-
perature fluctuations and vibrations. Fourth, NLPR requires free-space
optics for polarization control which makes the system susceptible to
shock and vibrations leading to misalignment of the free-space optical
components. SESAM mode-locking allows to build a all-in-fiber system
without free-space optics that is alignment-free and thereby insensitive

against shock and vibrations.

. Rare-earth doped fibers

The gain fibers are the most critical component of an OFCG in terms of
qualification for space use. Gamma radiation tests revealed that the used
Ytterbium-doped fiber is by a factor of three more radiation resistant than
the Erbium-doped fiber (see chapter 7.5). Laser radiation tests have been
performed wherein the gain fibers where irradiated during operation of the
lasers. Illuminating the fibers with high intense light pulses demonstrated
that photo bleaching occurs and cures radiation damages. Permanent
operation of the OFCG in space could therefore prevent radiation damage

of its gain fiber.

Hydrogen loading yields radiation hardened Erbium-doped fibers that
overcome the drawback of high radiation sensitivity. Since the characteris-
tics of Erbium-doped fibers are dependent on types and concentrations
of dopants and co-dopants like Aluminum, it is a challenging task to find

the appropriate gain fiber. Hydrogen loading of the OFC’s original Er-
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bium fiber seems to be a straight-forward solution to achieve a radiation

resistant laser.

3. Performance

Test results, investigations, design considerations and an elaborated litera-
ture inquiry proved that OFCs based on rare-earth doped fiber lasers can
be built compliant to the performance requirements in terms of accuracy
and stability as clockwork of an optical atomic clock (see chapter 2.4).
Although other types of OFCs show higher measurement performance
(e.g. Titanium-sapphire OFC) and could possibly result in an even more
compact system (e.g. microresontor OFC), the fiber laser based on SESAM
soliton mode-locking seems to be the best overall solution. Due to its
high maturity, alignment-free operation and an overall robust and reliable
setup it reaches the highest performance in terms of space compatibility.
Not only the laser itself, also comb stabilization and control electronics
can be built as compact systems.

From the space engineering point of view, the investigated Erbium based and
Ytterbium based lasers were not yet suitable for space utilization. The NLPR
laser would require additional control loops based on monitoring and actuator
mechanisms to achieve a stand-alone system for the use inside a spacecraft.
Thereby NLPR mode-locking could be further developed so that operation in
space would be possible. The SESAM soliton laser can be built more robust
and with lower complexity due to fewer actuating and free-space components.
This system is intrinsically stable without the need for redevelopment of control

mechanisms and should be further developed towards a space-borne system.

9.2. OFC Development Roadmap

Following the conclusion of the previous section 9.1, an OFC based on a fem-
tosecond fiber laser that deploys SESAM soliton mode-locking is the first choice
for further development. All-in-waveguide designs (e.g. [72][157]) shall be
developed and space qualified. Therefore the following development steps

have to be carried out:
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¢ Development of OFC Breadboard - Optics

150

A breadboard should be developed based on a SESAM soliton mode-
locking technology. The breadboard shall be based on a mechanical and
optical redesign, taking into account results from preceding thermal, struc-
tural and optical simulations. The design trades between necessary remote
control and monitoring mechanisms and automatic control in order to
reduce system complexity to the minimum. Additionally to this work the
entire OFC shall be developed, i.e. the femtosecond laser (OFCG) includ-

ing spectral broadening, dispersion compensation and f-2f interferometer.

Development of OFC Breadboard - Electronics

Within this work, only the optics part of the OFCG was investigated and
tested. The control electronic of an OFC has to be analyzed, designed and
developed for power supply and control of the OFC. Electrical compo-
nents shall be selected that can be replaced by qualified counterparts at a
later development stage for system qualification. Redesign of laboratory

electronic circuits in space compatible versions has to be performed.

Erbium / Ytterbium radiation hard fibers

The decision between an Erbium or Ytterbium based design will mainly be
determined by the desired wavelength range. Components for an Erbium
based design are commercially available in broad range and from several
suppliers even though not always space qualified. If wavelengths below
app. 900 nm are required, an Ytterbium based system may be a better
choice since generation of the second harmonic and therefore additional
complexity can be avoided. It should be investigated if radiation hard-
ening techniques can be applied to Ytterbium fibers. After it has been
decided between Erbium and Ytterbium, the appropriate fiber has to be
identified and, if necessary, radiation hardened by e.g. hydrogen loading.
The OFCG system can then be parameterized to the fiber (i.e. adjustment
of pump power, dispersion control, ...).

OFC characteristics and performance

Dependent on the application, requirements for the OFC have to be de-
rived for system parameterization. Wavelength range, line-width, stability,
accuracy and power per mode etc. have to be identified analyzing the
demands on an OFC as clockwork in an OAC. The achieved performance
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of the OFC breadboard shall be officially verified e.g. by calibration at a

national metrology institute.

The result of this work will provide a firm basis for further development of

optical frequency combs based on fiber lasers for space applications.

9.3. Discussion of OFS Scanning Laser

Development Results

The scanning laser interrogator system developed in this work has a high poten-
tial for a future FBG sensing system onboard a launcher or another spacecraft.
Due to its compact all-in-fiber setup based on the monolithic MG-Y laser diode,
no free-space or moving parts are necessary for sensor interrogation. The power
supply, control and signal measurement electronic within this work was based
on commercially available components for the breadboard development of the
SL. Since the requirements for radiation hardness of components are low due
to the short lifetime of launchers, the development was focused on system

compliance with the required measurement performance.

The primary application for a future SL will be temperature measurement
acquiring housekeeping data. Therefore the SL is best suited because of its
broad optical output spectrum of more than 40 nm that allows to connect a
high numbers of sensors to be measured sequentially. Furthermore, due to
the developed Peak-Tracking and Time-of-Flight algorithms, measurement
performance in terms of sample rate is increased. A maximum sensor sample
rate of more than fsg > 4.5 kHz/Ng has been achieved with the SL breadboard.
Since the measurement rate for temperature sensing is usually limited to less
than 10 Hz, up to several hundred FBG sensors can be measured by future

versions of the SL interrogator.

The achieved measurement performance was £0.5 K which is comparably to
the accuracy of electrical sensing on launchers. The accuracy can be improved
by further development according to section 9.4.
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9.4. OFS Development Roadmap

Although the SL interrogator has demonstrated reliable measurement results,

further development is necessary to come to a system suitable for spacecrafts.

The following points not only focus on a system dedicated to launchers but

sensing in spacecrafts in general.

¢ Temperature stabilization of MG-Y laser

152

Due to the transient oscillations that occur when the laser is switched to
a different output wavelength, the settling time required is up to 100 ys
although the electronics of the SL could cope with switching rates of more
than 1 MHz. The reason for high settling times are temperature changes
of the laser diode chip because of varying input currents. The Peltier
cooler is not capable of keeping the temperature constant due to thermal
capacities between the cooler and the laser diode. This issue results in
instable wavelengths that can occur randomly during operation of the
SL interrogator (see figure 8.33). A solution to this problem could be the
design and implementation of improved Peltier cooling within the laser
diode.

Influence of Laser Polarization to Measurement Accuracy

Up to now polarization of the laser light has not been investigated. Since
FBG sensors show birefringence, the measurement results depend on the
polarization direction of the laser light. If polarization effects disturb the
measurement accuracy to an error higher than allowed, a depolarizer at
the output of the laser diode could be a solution. The use of polarization

maintaining fibers is another possible way for avoiding polarization issues.

Improvement of Measurement Performance

Due to instable output wavelengths, i.e. output pulses which show a
wavelength different to the wavelength stored in the look-up table, the
accuracy of measurement results is reduced. Improved laser characteriza-
tion that results in a LUT without instable wavelengths would improve
accuracy. An etalon filter could be used as wavelength sensing device in
order to implement a wavelength control loop. Improved temperature
control of the laser diode (see section 8.6) could result in a LUT that is free
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of instable wavelengths.

e Laser Qualification
The impact of space environment to the laser diode has not been investi-
gated until now. Since the structure of the laser diode chip shows gratings
and nonlinear regions, radiation effects are likely. The level of damage
is unknown and should be investigated by radiation testing. Further-
more the lifetime of the laser diode and the long-term stability of the
output wavelengths have to be verified. Either the LUT and thereby the
correlation between control currents and output wavelength has to stay
constant throughout the mission lifetime or means of automated laser

characterization have to be implemented.

¢ SL Qualified Hardware Development
A detailed design phase is necessary to specify the requirements to the SL
interrogator in terms of measurement performance (number of sensors,
sample rate, measurement range, ...) and budget (size, volume, power
consumption, ...). Based on this design, the laser, the supply, control
and data acquisition electronics are built. Thereby procedures for wave-
length stabilization, in order to avoid instable wavelengths, and hardware
electronics that can be transferred to a space qualified version shall be
developed. In parallel, environmental and lifetime tests of the laser should
be carried out to ensure that the laser can cope with the expected environ-

mental and mission related requirements.

The result of this work will provide a firm basis for further development of

optical fiber sensing based on the MG-Y laser diode for space applications.
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A 4. Glossary

ACES | Atomic Clock Ensemble in Space
ACF Auto Correlation Function
ADC Analog to Digital Converter

ASE Amplified spontaneous emission
AWG | Arrayed Waveguide Grating
CC Current Control

CDU | Control and Detection Unit

CEO Carrier Envelope Offset

CPU Central Processing Unit

DAC Digital to Analog Converter

DLR Deutsches Zentrum fiir Luft- und Raumfahrt
DSP Digital Signal Processor

DUT Device Under Test

ECSS | European Cooperation for Space Standardization
EF Edge Filter

EMC Electromagnetic Compatibility

EMIF | External Memory Interface

EN European Norm

Er Erbium

ESA European Space Agency

FBG Fiber Bragg Grating

FCU Fiber Coupler Unit

FORC | Fiber Optic Research Center

FOS Fiber Optic Sensing

FPGA | Field Programmable Gate Array

FSR Free Spectral Range

GEO Geostationary Earth Orbit

GIOVE | Galileo In-Orbit Verification

GNSS | Global Navigation Satellite System

GVD Group Velocity Dispersion

HNLF | Highly Non-Linear Fiber

ISO International Organization for Standardization
KLM | Kerr-Lense Modelocking
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LDU
LEO
LUT
MEO
MG-Y
NASA
NF
NIEL
NL
NLPR
OAC
OFC
OFCG
OSA
PCF
PFD
PLL
PM
PPLN
PROBA
PT
PWM
REP
SAM
SCA
SEE
SEL
SESAM
SET
SEU
SL
SNR
SOC
SPENVIS
SPM

Laser and Detection Unit

Low Earth Orbit

Look-Up Table

Medium Earth Orbit

Modulated Grating Y-structure
National Aeronautics and Space Administration
Noise Floor

Non-Ionizing Energy Loss
Non-Linear

Non-Linear Polarization Rotation
Optical Atomic Clock

Optical Frequency Comb

Optical Frequency Comb Generator
Optical Spetrum Analyzer
Photonic Crystal Fiber

Phase Frequency Detector

Phase Locked Loop

Polarization Maintaining
Periodically-Poled Lithium Niobate
Project for On-Board Autonomy
Peak-Tracking

Pulse Width Modulator

Repetition rate

Saturable Absorber Mirror

Special Centroid Algorithm

Single Event Effect

Single Event Latchup
Semiconductor Saturable Absorber Mirror
Single Event Transient

Single Event Upset

Scanning Laser

Signal to Noise Ratio

Space Optical Clocks

Space Enviroment Invormation Center
Self-Phase Modulation
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TEC
TID
TML
ToF
TRL
TV
ULE
uv
VGA
Yb
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Temperature Controller
Total Ionizing Dose

Total Mass Loss

Time of Flight

Technology Readiness Level
Thermal Vacuum

Ultra Low Expansion
Ultra-Violett

Variable Gain Amplifier
Ytterbium
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