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Abstract

Femtosecond lasers and the development of frequency combs have revolutionized multi-
ple fields like metrology, spectroscopy, medical diagnostics and optical communications.
However, to enable wider adoption of the technology and new applications like photonic
sampling, optical arbitrary waveform generation or the calibration of astronomical spectro-
graphs, multi-GHz repetition rate femtosecond lasers with robust performance metrics, low
cost, and a compact footprint are highly desirable.

In this thesis, different approaches to develop GHz mode-locked laser systems at telecom-
munication wavelengths are discussed and current achievements presented. Design aspects
for constructing a long-term stable and compact fiber laser with 187fs short pulses at a
repetition rate of 1 GHz are covered. In order to scale the repetition rate into the multi-
GHz regime, coherent pulse interleaving in novel thermally tunable waveguide interleavers is
demonstrated at 10 GHz. A femtosecond erbium-doped waveguide laser is developed at GHz
repetition rates and important design guidelines are provided. As saturable Bragg reflectors
are crucial in all of the described systems to enable mode-locking, saturable absorber opti-
mization is discussed and their optical performance compared. Thus, this research paves the
way for compact, affordable high repetition rate fiber lasers and monolithically integrated
femtosecond laser sources which can be combined on-chip with additional functionalities to
develop novel photonic systems with impact on spectroscopy, sensing, telecommunications
and biomedical applications.

Thesis Supervisor: Erich P. Ippen
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Chapter 1

Introduction

1.1 Background

Since the development of the first lasers that generated femtosecond (fs) pulses in the 1970s,
their ultrashort pulse durations have fueled the technological innovations in a wide range
of fields from spectroscopy and imaging to micromachining and medical diagnostics. His-
toric milestones include the first demonstration of sub-picosecond pulses in dye lasers by
Shank and Ippen in 1974 [1], the development of a fiber soliton laser by Mollenauer [2], and
the discovery of self-mode-locking in Ti:sapphire lasers by Sibbett [3] (for a more detailed
overview, see [4, 5, 6]). Energy delivery is limited to ultrashort time durations in ultrafast
lasers, thereby yielding high peak intensities. Sub-picosecond pulses enabled detailed stud-
ies of ultrafast carrier dynamics for the first time [7, 8] and allowed accurate manipulation
of materials in micromachining applications [9, 10]. Medical surgery, especially eye care,
has benefited from the higher precision control while related thermal damage to surround-
ing tissue has been greatly alleviated. Processes that rely on nonlinear effects, such as
wavelength conversion or multi-photon absorption, are notably enhanced with femtosecond
pulses. Thus, high-resolution imaging and multi-photon microscopy allow the examination
of tissue morphologies down to 1 um resolution. Recently, two-photon absorption was also

applied to large-scale wafer inspection. The broadband spectrum of these pulses enables
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next-generation telecommunication components that feature wider bandwidths by using
multiple wavelengths in dense wavelength multiplexing or time-division multiplexing com-
munications systems. Furthermore, this technology led to the development of femtosecond
frequency combs which are generated by stabilizing the laser repetition rate and carrier-
envelope phase offsets through active feedback control loops. Frequency combs constitute an
absolute optical ruler that provides unprecedented wavelength accuracy and reproducibil-
ity and revolutionary optical clock applications, frequency metrology, and high resolution

spectroscopy [11, 12].

While mode-locked solid-state and fiber lasers have established themselves at the fore-
front of broadband and low-jitter optical sources, their bulkiness, alignment sensitivity, and
cost have prevented their direct integration into more portable applications. Therefore, to
enable a wider adoption of the technology and new applications, such as optical sampling
[13, 14, 15, 16], optical arbitrary waveform generation [17, 18, 19], or the calibration of
astronomical spectrographs [20, 21, 22], low-cost multi-GHz repetition rate femtosecond
devices with robust performance metrics, and a compact footprint are highly desirable. For
widely spaced frequency comb lines, each frequency line is characterized by higher optical
power (assuming the average total output power is constant when compared with a lower
repetition rate comb), thus yielding an attractive source for spectroscopy and metrology

applications.

In this work, we focus on obtaining few-fs pulses from compact high repetition rate
lasers at telecommunication wavelengths near 1.55 um in order to advance the following

technologies.

1.1.1 Optical Arbitrary Waveform Generation (OAWG)

Pulse-shaping techniques, with which the user can modulate each frequency line indivi-
dually, have found wide-spread interest and have been adopted as an enabling technology

[17]. However, most current pulse-shapers have only limited performance capabilities, since
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repetition rates of 10 GHz or higher are required to resolve the different optical lines, and,
so far, only a small number of optical lines have been fully controlled [23].

However, with the rapid development of mode-locked lasers, ultra-short pulses and fre-
quency comb technology can be leveraged to synthesize user-specific waveforms. By modu-
lating the optical frequency lines in the spectral Fourier domain, the desired time-resolved
waveform can be generated continuously over long periods of time. Based on phase-locked
femtosecond oscillators, coherently interleaved arbitrary waveforms are attained by demul-
tiplexing, modulation and multiplexing with appropriate integrated encoders and decoders,
as shown in Fig. 1-1 (18, 19].

| Arrayed i}
' Waveguide |
Gratings

= = f
Periodic Pulse Traint  Amplitude/Phase
! Modulator Array

Arbitrary Waveform

Figure 1-1: Optical Arbitrary Waveform Generation.

For a viable, user-friendly technology, the frequency lines must be individually separated
in a compact manner, which can be achieved with integrated arrayed waveguide gratings
for line spacings of 10 GHz or greater. This approach allows the phase and amplitude of
each frequency component to be fully controlled in its own fast modulator, as illustrated in
Fig.1-2. The resulting pulses from the modulated and recombined frequency lines feature
an arbitrary amplitude and phase with sub-femtosecond timing resolution. The goal is to
modulate the amplitude and phase of fully stabilized optical frequency combs, which is
referred to as full-field modulation. This direct control of all the individual optical lines
allows line-by-line shaping instead of previous, resolution-limited pulse shaping of groups
of lines [23]. The success of this technology relies on the generation of high repetition rate
frequency combs. To obtain full control over individual lines with existing infrastructure, the

line spacing must be matched to the grating spacing and modulator bandwidths of 10 GHz

29



Chapter 1. Introduction

or higher. The superior performance characteristics of this technology, with potential signal
bandwidths up to THz, promises a multitude of new applications.

Such an OAWG system can be of particular interest for high-resolution 3D imaging,
ultrahigh resolution sensing (novel chemical sensing) or ultra-broadband optical communi-
cations. Moreover, the OAWG infrastructure can be applied to Dense Wavelength Division

Multiplexing (DWDM) or Optical Code Division Multiple Access (O-CDMA) (24, 25].

@ ‘43} @;\ Phase-locked pulses
— L4
|

—— nclic —-Af

Y |

2"@ Referenced frequency
L comb, absolute grid

L1: i E -:r 2ngl Fast modulator array
Pulse-to-pulse shaping
AM & PM

Arbitrary
spectrum

il Arbitrary
t  electrical field
waveform

Figure 1-2: Principle of optical arbitrary waveform generation [19].

1.1.2 Photonic ADCs

In the past decades, the number of integrated circuits that contain digital systems has
grown tremendously. One significant contributing factor to this rapid progress is the recent
advance in analog-to-digital converter (ADC) technology, which converts continuous time
information into digitized, binary encodable data streams. However, the performance of
state-of-the-art electronic analog-to-digital converters for high-speed optical sampling is
limited by the timing jitter, or aperture jitter, of the sampling signal [13, 14, 15|. These

timing fluctuations in the sampling pulse lead to discretization errors, thus limiting the
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Figure 1-3: Current state of electronic/photonic ADCs based on a modified Walden plot
[14]. The diagonal dotted lines indicate the associated timing jitter. The star marks the
performance of our demonstrated photonic ADC [27].

effective numbers of bits that can be resolved. Currently, microwave sampling sources
barely achieve timing jitters of ~ 70fs, although it can be challenging to maintain such low
jitter continuously during the sampling process itself. In addition, these microwave sources
typically are bulky due to the necessity of high-quality microwave cavities, which hinder

their integration into a compact sampling system [16, 26].

Fig. 1-3 illustrates the performance of state-of-the-art electronic analog-to-digital con-
verters, which is marked by the gray area. The resolution, which is measured in effective
number of bits, is plotted against the input signal frequency. The dashed lines indicate
the timing jitter of the sampling signal that is required to obtain a certain resolution for
a specific sampling frequency. Further reduction of the jitter with the existing infrastruc-
ture becomes increasingly difficult, especially beyond gigahertz frequencies. However, this
electronic bottleneck can be overcome with femtosecond laser systems which offer high tim-
ing precision of pulses with as little as sub-femtosecond timing jitter [28]. Thus, photonic
ADCs based on femtosecond oscillators promise an enabling technology that can push ADC
performance towards new performance horizons with higher sampling rates for wide-band

signals and with better resolution. The star in Fig. 1-3 represents the resolution that was
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recently achieved at a 40 GHz sampling speed with a photonic sampling system, developed
in our group [27].

An important technology that can attain high sampling speeds is a compact, integratable
femtosecond laser, with repetition rates of 1 GHz or higher. The overall sampling rate in
such systems is determined by the repetition rate of the mode-locked laser multiplied by
the number m of WDM channels, permitted by its bandwidth. The operating principle for
such a sampling system, as shown in Fig. 1-4, consists of a chain of modulators, filters and
detectors. The optical pulse train passes through either dispersive fiber (or a demultiplexer
in the discrete case) in order to establish a time-to-wavelength mapping. This optical
signal is modulated with the radio frequency (RF) signal that is to be sampled. In another
demultiplexer, or ring filter in integrated technology, the individually sampled pulses at
different colors/wavelengths are detected. The pulse amplitude then represents the RF

signal values for the temporal positions.
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Figure 1-4: Schematic of a discrete photonic ADC system with a fiber-coupled, off-chip
mode-locked laser source [27].

After electronic post-processing and AD conversion for each individual channel in elec-
tronic ADCs, which are clocked at the laser’s repetition rate, the digital samples are effec-
tively determined at an aggregate real-time sampling rate of m- f,..,. This approach utilizes

slow, but precise AD electronic converters in parallel to evaluate the individual channels,
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while maintaining an overall data rate in the multi-GHz range. Currently, all the individual
elements, except for the mode-locked laser source, can be fully implemented in Si photonics.

For more details, the reader is referred to [26, 27, 29, 30].

1.1.3 Frequency Combs for the Calibration of Astronomical Spectro-
graphs

Another recently identified, exciting application for frequency combs is the calibration of
astrophysical spectrographs [20, 21, 22]. Currently, most extrasolar planets (exoplanets or
planets in other star systems) have been discovered through the radial velocity method
where each planet-star system orbits around a common center of gravity. Thus, in the
presence of extrasolar planets, the gravitational field of the planet exerts a force on the
star, resulting in shifts of the position. For an Earth-bound observer this is translated into
Doppler-shifted starlight. This effect causes the characteristic absorption lines in the star’s
spectrum to shift towards blue wavelengths when the planet is moving away from Earth,
and to shift towards red wavelengths when the planet is approaching Earth (and the star
is moving away). These shifts (e.g., a ~5cm/s for the sun’s orbital velocity translates into
a ~ 125 kHz frequency shift) are measured and compared to a reference source with a wide
bandwidth from the visible to the near infrared (IR) in order to identify planets in other star
systems. This measurement allows astronomers to determine the orbital periodicity of the
exoplanets and to find a lower estimate for the planet’s mass. By utilizing frequency combs
with their inherent high wavelength accuracy and long-term stability, the calibration reso-
lution can be significantly enhanced. However, for the frequency comb to efficiently match
the resolving power of spectrographs, a comb spacing of 10 GHz or higher are required. In
addition, because comparisons are made against the center of gravity spectrum/weighted
average of the individual frequency lines, the frequency comb teeth must exhibit uniform

intensity over a broadband spectrum and have no asymmetrical side-modes.
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1.1.4 Laser Source Requirements

Various applications that were mentioned in the previous sections set the framework for our

laser development research. Essential to these technologies is a high-repetition rate, multi-

GHz femtosecond laser oscillator with a compact footprint and robust performance metrics.

Depending on the application, low timing jitter, turn-key operation, reduced sensitivity

to environmental perturbations, and portability are additional desirable features for the

femtosecond laser source. In order to have significant impact and to enable wide adoption,

laser construction at an affordable price point with an ability to scale up fabrication has to be

accomplished. In the following paragraphs, the challenges related to different specifications

of the oscillator are summarized:

34

e High repetition rate mode-locked sources

For higher repetition rates the comb spacing widens, thus providing easier access
to individual teeth of the mode-locked laser spectrum by optical filter banks and
modulators, which typically operate at ~10-40GHz. Thus, in order to successfully
incorporate a frequency comb source with existing arrayed waveguide gratings, high
repetition rates are required, with 10 GHz marking the lower boundary. Another
advantage is that a high repetition rate laser has a proportionately higher optical
power per mode and, thus, an improved signal-to-noise ratio in the frequency domain,
when assuming a constant average output power. Therefore, the goal of this thesis is

to develop stable, compact laser sources with GHz repetition rates.

Femtosecond, low timing-jitter, and long-term stable sources

Timing jitter describes deviations from the regular temporal spacing between pulses;
low timing jitter is desired for optical sampling in order to enable higher sampling
resolution. Shorter pulse durations 7, reduce the timing jitter, as given by Eq.1.1

(compare [16]):

1 h we
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1.2. Mode-Locking

Furthermore, the timing jitter is inversely proportional to the pulse energy Wpys and
the cavity lifetime 7¢g4,. Planck’s constant h and the carrier frequency we influence
the timing jitter %(Atif 1) as well. Since erbium-doped gain material features a long
upper state lifetime of 8-10ms, technical noise fluctuations (e.g., from the pump
diode) can be suppressed, thus resulting in a lower timing jitter. Therefore, Er-doped

lasers with high intracavity power and short pulse durations are attractive.

e Compact, turn-key, and cost-efficient designs
While mode-locked lasers have enabled a multitude of promising new technologies,
their application has so far been limited by their high cost, complex construction and
rather bulky footprints. In order to facilitate market adoption and wide-spread pen-
etration of this technology, compact, robust, turn-key, and cost-efficient laser sources
are desired. Designing sources at telecommunication wavelengths allows taking advan-
tage of commercially available and previously developed fiber-based telecommunication-
grade components (e.g. wavelength division multiplexers (WDMs), fiber integrated

couplers, and isolators).

1.2 Mode-Locking

Ultrashort pulses can be generated by placing an intracavity modulator into a laser res-
onator. This ensures that mode-locked operation is favored over cw lasing by providing a
pulse-shaping mechanism. In order to obtain pulsed laser operation with short pulse dura-
tions, all longitudinal modes in a laser cavity must enter into a defined phase relationship.
The superposition of these phase-coherent modes allows the generation of a periodically
pulsed output in time whose pulse duration is inversely proportional to the frequency band-
width that is given by the number of lasing modes. Though active and passive mode-locking
mechanisms have been demonstrated, the shortest pulses have been achieved by passive
mode-locking implementations.

In this thesis, passive mode-locking [31] will be employed to generate short pulse dura-

tions with good timing jitter and performance metrics. In these systems, the incident light
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induces a nonlinear material response that directly modulates its own optical properties
and leads to pulse formation.

A saturable absorber is a device with a nonlinear intensity response that modulates
loss in the cavity. During propagation through a saturable absorber, the pulse undergoes
temporal narrowing, and the net gain window or the curvature of the absorption mod-
ulation determines the pulse length. Different saturable absorber classes exist. A fast
saturable absorber is characterized by a nonlinear transmission that is proportional to the
pulse intensity. Fast saturable absorber mode-locking is needed when the laser gain medium
relaxation time is long when compared to the cavity round-trip time [32]. So-called artifi-
cial absorbers (e.g., Kerr-lens mode-locking [3| in solid-state lasers, nonlinear polarization
rotation, or additive mode-locking in fiber lasers [33]) directly modulate the absorber loss
dynamics according to the pulse intensity. Semiconductor saturable absorbers usually have
recovery times longer than the desired pulse duration, and dynamic gain saturation or some
other rnonlinear effect is required to assist in the pulse shaping of slow saturable absorbers
34, 35].

The additional nonlinear effect utilized in the presented laser systems is soliton forma-
tion. Through the balance of self-phase modulation and anomalous second order dispersion,
stable soliton pulses are formed. Fig.1-5 illustrates how the interplay between self-phase
modulation and anomalous dispersion provides an efficient pulse shaping mechanism. The
intensity-dependent nonlinear refractive index imposes a nonlinear phase shift ¢ on the
pulse. This translates into a varying instantaneous frequency w in the temporal profile
of the pulse, resulting in the illustrated frequency chirp. Thus, the pulse redistributes its
energy since low frequencies are created in the leading edge of the pulse and high frequencies
in the rear. Through this nonlinear four-wave mixing process, new frequency components
are generated within the pulse, thus resulting in spectral broadening until a steady state
is reached. In an anomalous dispersive medium, the high frequency wave packets (by self-
phase modulation) at the back of the pulse have a chance to catch up with the pulse center,
while the opposite effect occurs for the lower frequency components. This leads to temporal

pulse shaping. Thus, soliton mode-locking exploits a balance between self-phase modula-
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Figure 1-5: Schematic of the interplay of self-phase modulation and group delay dispersion
used to form solitary pulses in the time and frequency domain.

tion and anomalous dispersion in order to generate temporally compressed pulses with a
broadband spectrum. In this case, the absorber’s role is to initiate mode-locking and to

stabilize the pulses against continuum break-through [36].

Because fundamentally mode-locked lasers possess better noise properties and lower
timing jitter than harmonically mode-locked oscillators, these lasers are the focus of this
research. In order to scale cavities to higher repetition rates, the cavity dimensions must
be reduced, which results in cavities with short pieces of gain fiber (10 GHz corresponds to
a linear cavity length of 1 c¢cm). Thus, the average power is limited by the overall absorbed
pump power as well as the available gain, which is determined by the highest achievable

doping concentration of the fiber [37].

The soliton area theorem, as shown in Eq. 1.2, governs pulse generation in soliton lasers
[38]. If a laser operates with a given constant average power Paverage, this translates into

reduced peak power and reduced pulse energy for lasers with a higher repetition rate fy,.
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In addition, only limited nonlinearity § can be exploited in the gain fiber. Thus, in order
to maintain soliton operation with short pulse durations 7pwmar = 1.76 - 7 (assuming
sech-pulse shapes), dispersion engineering is crucial, since the second order dispersion D
of the fiber Dpjpe,r and the saturable Bragg reflector (SBR) Dspr can make a significant
contribution. Moreover, the SBR design must be optimized for low saturation fluences and
short recovery times with good thermal properties.

\DFiper + Dsr| _ Paverage

W:4' 5,7— o f'rep (1.2)

1.3 Thesis Outline

This thesis describes different approaches that were pursued in order to develop high-
repetition rate, femtosecond, compact mode-locked lasers with low timing jitter at 1.55 pym.

The thesis is organized as follows.

e Chapter 2: Erbium-doped Fiber Lasers
As erbium-doped fiber with high doping concentration is commercially available and
as erbium lasers are characterized by low timing jitter, fundamentally mode-locked
fiber lasers at repetition rates of 1 GHz and higher are designed. Developments in the

fiber configuration are presented and the performance is analyzed in detail.

e Chapter 3: External Repetition Rate Multiplication with Interleavers
Since the miniaturization of any fundamentally mode-locked laser eventually becomes
limited by the minimum gain length that is required to maintain sufficient intracavity
power in order to support mode-locking, methods to multiply the repetition rate
externally to the laser cavity are studied. In this work, specifically repetition rate
multiplication by compact, waveguide-based interleavers are investigated that can be

used to scale a 625 MHz fiber laser to 10 GHz.
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¢ Chapter 4: Erbium-doped Waveguide Lasers
Erbium-doped glass waveguides on a silica platform provide an attractive alterna-
tive approach to building soliton mode-locked femtosecond sources, because of their
additional robustness, compactness, capability for mass-production, and ease of in-
tegration with current chip fabrication. Therefore, integrated high-repetition rate

systems are pursued in an on-chip waveguide implementation.

e Chapter 5: Optimization of Semiconductor Saturable Bragg Reflectors
(SBRs)
All the above-mentioned systems rely on SBRs to support self-starting and turn-
key operation of the mode-locked laser. For high repetition rate laser systems, the
SBRs must be carefully designed to provide the desired response for given operating

parameters. Thus, SBR optimization aspects are discussed in detail.

e Pulse Dynamics in Octave-Spanning Ti:Sapphire Lasers
As part of this thesis research, a temporal numerical analysis was performed that suc-
cessfully predicted sub-two-cycle pulse duration in different octave-spanning Ti:Sapphire
laser cavities. The model was further extended to analyze contributions to the carrier-
envelope phase noise and to optimize intracavity output mirror designs. Because this

work was published in detail, the reader is referred to the following publications:

— M. Y. Sander, J. R. Birge, A. Benedick, H. M. Crespo, and F. X. Kértner,
“Dynamics of Dispersion Managed Octave-Spanning Titanium:Sapphire Lasers,”
Journal of the Optical Society of America B 26, 743-749 (2009), [39].

— M. Y. Sander, E. P. Ippen, and F. X. Kértner, “Carrier-Envelope Phase Dynam-
ics of Octave-Spanning Dispersion-Managed Ti:Sapphire Lasers,” Optics Express
18, 4948-4960 (2010), [40].

— L.-J. Chen, M. Y. Sander, and Franz X. Kértner, “Kerr-Lens Mode Locking with

Minimum Nonlinearity Using Gain-Matched Output Couplers,” Optics Letters
35, 2916-2918 (2010), [41].
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Chapter 2

GHz SBR Mode-Locked
Erbium-doped Fiber Lasers

Compact fiber laser cavities can be constructed based on soliton mode-locking with a semi-
conductor Bragg reflector (SBR) [36, 42, 43, 44]. Such fundamentally mode-locked fiber
lasers are attractive femtosecond pulse sources due to their low timing jitter, robust perfor-
mance metrics at moderate output powers, and compact configuration. In this chapter, the
challenges of scaling these lasers towards higher repetition rates are addressed and several

erbium-doped cavity configurations at repetition rates of 1 GHz and higher are presented.

2.1 Literature Overview

Conventional fiber lasers based on nonlinear polarization mode-locking [33] or carbon-
nanotube saturable absorbers [45, 46, 47, 48] often employ up to meters of fiber in their
cavity. Thus, these lasers operate, in general, at repetition rates in the MHz regime. Er/Yb
glass lasers [49, 50|, harmonically mode-locked lasers [51], and externally multiplied laser
systems have approached repetition rates in the multi-GHz operating regime. Recently, fun-
damentally mode-locked fiber laser systems have been demonstrated which overcame the

limited gain from commercially available Er-doped fibers by using specialty, highly doped
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Er gain fibers. Fig.2-1 gives an overview of the high-repetition rate erbium-doped fiber
lasers to date. While some fiber lasers with GHz repetition rates at 1550 ym were demon-
strated, most have failed to generate femtosecond pulses and did not provide a long-term
stable output.

Fiber lasers with repetition rates up to 2 GHz were reported by McFerran et al. [52].
However, these lasers operated in the picosecond pulse regime with low average output
power. Recent experimental demonstrations of fiber lasers that were mode-locked with
SBRs achieved repetition rates as high as 3GHz [53], but with similarly low efficiency;
for 700mW of launched pump power, only 2mW of output power was obtained for a 2 %
output coupling ratio. Carbon nanotube fiber lasers with a repetition rate of 5 GHz and
a pulse duration of 0.68ps were presented [54], but the timing jitter was much higher
due to the longer pulse durations and lower intracavity pulse energy. An Er:Yb co-doped
phosphosilicate fiber laser, mode-locked by carbon nanotubes from optical deposition on
one of the cavity mirrors, reached record repetition rates of 10 GHz and 20 GHz [55] with
1.95-ps-long pulse durations. The only long-term stable fiber oscillator with femtosecond
pulses that is based on commercially available gain fibers at wavelengths around 1.55 pm
operated at a 500 MHz repetition rate in a butt-coupled SBR fiber laser cavity [56]. Thus,
the goal is to scale this fiber laser further to higher repetition rates.

To achieve high-repetition rates, linear laser cavities, where the gain fiber is butt-coupled
against a saturable absorber mirror, constitute a promising configuration. However, for any
butt-coupled high-repetition rate laser, thermal management between the hot fiber core
and the SBR is an important design parameter because thermal damage to the SBR was
found to limit the long-term stability of the mode-locked laser output (in [53]). When the
gain fiber was butt-coupled to the SBR, the hot fiber core was in direct contact with the
SBR surface, which consequently was exposed to intense thermal heating. This can result
in failure of the laser after a short period of operation or lead to a continuous performance
degradation over time. Minimizing thermal damage is therefore particularly important for _
high repetition-rate fiber lasers to ensure long-term stable operation, as will be discussed

in Section 2.3.4.
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Figure 2-1: Landscape of previous work and target operating regimes for the desired laser
sources. The numbers in black present previous work for fundamentally mode-locked lasers.

In this chapter, thermal damage of the saturable absorber is addressed, and a stable,
efficient, low-jitter fiber laser with a repetition rate of 1 GHz is demonstrated. A soliton
femtosecond laser source with sub-200-fs pulses was constructed in a compact all-fiber set-up

with a reduced footprint of 121 mm x 94 mm x 33 mm.

2.2 Experimental Set-Up

In order to obtain soliton mode-locking, a highly-doped, anomalously dispersive, erbium
gain fiber is desired. The commercially available Liekki Er80-8/125 gain fiber meets these
conditions and can be fusion spliced with low loss (<0.2dB) to regular SMF-28e fiber.
Specialty erbium-ytterbium co-doped fibers (as demonstrated by [53, 55]) with higher doping
concentration can be used with even shorter pieces of gain fiber to enable higher repetition
rates. However, splicing and coupling into such phosphate fibers is more complicated and,
in general, less efficient.

A 1GHz erbium-doped fiber laser (EDFL) was devised whose experimental set-up is
shown in Fig. 2-2. The fiber section of the laser cavity consists of a 92-mm-long Liekki Er80-

8/125 erbium-doped gain fiber with anomalous dispersion of -20 fs? /mm that was fusion-
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Figure 2-2: Schematic of 1 GHz laser cavity and actual fiber configuration.

spliced to an 11-mm-long piece of standard single-mode fiber (SMF-28e¢) in collaboration
with Hyunil Byun. Different versions of these fiber assemblies were constructed, which
featured a 7-mm-long SMF section combined with a 93-mm-long gain fiber section. The
SMF physically separated the hot gain fiber core from direct contact with the SBR. In
addition, the SMF-28e fiber slightly tapered the focus spot on the butt-coupled SBR from
a mode-field diameter of 9.5+0.8 ym in the EDF to 10.440.8 um in SMF. Both fiber ends
were polished flat and the gain fiber was secured with epoxy in a 126 ym inner diameter
zirconia ferrule. The length of the SMF-28e section was kept shorter than the ferrule length
so that the splice resided within the ferrule for better mechanical stability. Since the splice
joint slightly increased the fiber diameter compared to the bare fiber, the SMF fiber end
was affixed with epoxy into a 127 ym inner diameter zirconia ferrule. A coated fiber ferrule
served as a 10% output coupler and was connected to the gain fiber ferrule in a mating sleeve.
The pump light was fiber-coupled through a wavelength division multiplexer (WDM) and
transmitted through the output coupler into the gain fiber. With such a design, a robust
and relatively low-loss connection was obtained when compared to free space coupling of the
pump into the gain fiber. Fig.2-3 shows photographs of two different packaged versions of
the fiber laser with dimensions of 121 mm x 94 mm x 33 mm and 187 mm x 119 mm x 33 mm,
respectively. Although the latter package is slightly larger, the laser is enclosed in an

aluminum diecast so that it can be temperature controlled.
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Figure 2-3: (a) EDFL package with dimensions of 12x9x3cm®. (b) Open aluminum pack-
age with dimensions of 18 x 12x 3cm? which allows external temperature stabilization.

The only non-fiber element in the cavity is a semiconductor saturable absorber mirror.
The saturable Bragg reflector (SBR) facilitates mode-locking and self-starting operation of
the laser. The SBR was butted directly against the fiber connector. If the butt-coupling
contact was not optimized, intracavity losses could increase because small air gaps formed
etalons that could impair the laser mode-locking. At the same time, this temporary attach-
ment provided the flexibility to exchange the SBR, which would not be the case if the SBR
were secured to the fiber connector with epoxy. The butt-coupling mechanism displayed
in Fig.2-4 provided optimized coupling. The SBR was indium-bonded or attached with
silver epoxy to a 0.5inch diameter Cu heat sink at the bottom of a lens tube. The fiber
ferrule was mounted into a modified fiber connector adapter from whose surface the fiber
ferrule protruded by ~ 0.5 mm, so that only the fiber ferrule established contact with the
SBR surface and not the adapter plate. Monitoring the output power at low pump powers

made it possible to optimize the butt-coupling for maximum efficiency.

The SBR was grown in Leslie Kolodziejski’s group by Gale Petrich. The SBR combined
a semiconductor saturable absorber section with a high reflectivity mirror, as illustrated in
Fig.2-5. The Bragg mirror, designed for a center wavelength of 1550 nm, consisted of a 22-

pair quarter-wave stack of Alyg5Gag psAs and GaAs. On the surface of the high reflectivity
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Figure 2-4: Current butt-coupling mechanism between SBR and fiber ferrule (adapted from
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Figure 2-5: Schematic of SBR VA6 with pump-reflective coating.

mirror, an Ing 53Gap 47As absorber was embedded in a half-wave cladding layer of GaAs. In
order to reduce absorption of the residual pump power and to further minimize localized
heating, a pump-reflective coating (PRC) was deposited on the front surface of the SBR.
The quarter-wave layers of Ti3O5 and SiOs were centered at the pump wavelength of 980 nm.
This addional dielectric coating reflected any residual pump power so that absorption of
the pump light on the SBR was reduced, and the back-reflection increased the pump power
light density in the cavity. A more detailed analysis of this coating (deposited by Peter

O’Brien at Lincoln Labs) is found in Section 5.2.1.
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Figure 2-6: Reflectivity of SBR VA86 in red. With the pump-reflective coating, the reflec-

tivity around 1550 nm decreases by 8% and the pump light around 980 nm is reflected by
98 %. The bandwidth of the EDFL spectrum is depicted in blue.
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Figure 2-7: Standing wave E-field pattern for SBR VA86 (a) without coating and (b) with

pump-reflective coating at a wavelength of 1.55 pm.

As seen in Fig. 2-6, the SBR (denoted by VA86) exhibited a measured reflectivity of 95%
at 1560 nm, which was reduced to 88% after the deposition of the pump-reflective coating
(photospectrometer reflectivity measurement). The added dielectric coating enhanced the

standing electric field at least by a factor of two, as shown in Fig. 2-7, which compares the
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field pattern for the uncoated and pump-reflective coated SBR VA86. The impact of the
pump-reflective coating for the pump and signal wavelength for the electric wave pattern is
shown in Fig. 2-8. At the pump wavelength of 980 nm, barely any light penetrated into the
saturable absorber. For the signal wavelength at 1550 nm, the maximum of the electric field
standing wave coincided directly with the absorber layer and increased significantly when
compared to the regular VA86 SBR. The multi-layer structure, while designed for 980 nm,
contributed slight resonant effects at 1550 nm that resulted in the field enhancement in the
actual absorber layer. Thus, the PRC led to a higher modulation depth and a reduced

saturation fluence.
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Figure 2-8: Standing electric wave field for the pump wavelength at 980 nm and the signal
wavelength at 1550 nm for VA8 SBR with PRC. The pump light is efficiently reflected
before penetrating the absorber.

Pump probe measurements performed by Ali Motamedi confirmed an enhanced modula-
tion depth and a reduced saturation fluence after deposition of the pump-reflective coating,.
In Fig. 2-9, the measured reflectivity of the saturable absorber, with and without the pump-

reflective coating, and as a function of the pump fluence at 1560 nm for 150 fs pulses (at
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Figure 2-9: Pump probe results for SBR VA86 without the pump-reflective coating and
with PRC as inset. The dots mark measured results.

a repetition rate of 80 MHz), is plotted. The solid line denotes the fit of a slow saturable-
absorber model plus two-photon absorption to the measured data. While the SBR itself was
characterized by 4% of saturable absorption, by 1% of non-saturable loss and a saturation
fluence of 11 uJ/cm?, the SBR with the PRC exhibited an increased saturable absorption of
8%, non-saturable losses around 2% and a reduced saturation fluence of 3.7 uJ/cm?. Since
the pulse energies in high-repetition rate cavities are typically small, this reduction of the
saturation fluence, when combined with the increased modulation depth, provides favorable
mode-locking conditions. Pump-probe measurements for delays of up to 50 ps show that

the overall recovery time of the VA86 SBR was 9 ps, see Fig. 2-10.

The group delay dispersion of the SBR with the PRC at a wavelength of 1568 nm was
measured as ~ — 1300fs?, so that, together with the anomalous dispersive gain fiber, the
cavity operated in a net anomalous dispersion regime (~ —5300fs?) to support soliton

formation.
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Figure 2-10: Recovery time of 9 ps for SBR VASG6.

2.3 Fiber Laser Characterization

2.3.1 Optical Results

The mode-locked laser performance in terms of spectral bandwidth and achievable pulse du-
ration was evaluated in the following: Fig.2-11 depicts the measured optical spectrum (a)
and interferometric autocorrelation (IAC) trace of the laser (b). The optical spectrum sup-
ported a 17.5-nm full-width at half-maximum (FWHM) optical bandwidth, thus implying
a 150-fs transform-limited FWHM pulse duration. For the autocorrelation measurement,
the laser output was amplified by an Er-doped fiber amplifier and the dispersion was com-
pensated in fiber to adjust for the encountered dispersion in the measurement path. The
autocorrelation measurement yielded a 187-fs FWHM pulse duration. The small deviation
to the transform limited pulse duration could be attributed to a slightly imperfect dispersion
compensation.

The optical spectrum was centered around 1573 nm, as determined by the wavelength-
dependent reflectivity of the SBR and the gain spectrum at the operating power level. The
output signal power was measured to be 27.4 mW, which corresponded to 283-pJ intracavity
pulse energy. These values were obtained with 380 mW of pump power that was launched

into the Er-fiber, of which an estimated value of 185 mW of power was absorbed in the EDF
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core. Separate experiments showed that 30% of the launched pump power was absorbed in
a single-pass through the gain fiber, and 90% of the remaining pump was reflected by the
butt-coupled pump-reflective SBR. The GHz laser was self-starting; with increasing pump
power, the laser first operated in a Q-switched mode-locked state and then transitioned to a
soliton mode-locked regime at a pump power of 200 mW with a FWHM optical bandwidth of
9.0nm. For launched pump powers higher than 382 mW, multiple pulsing occurred. Good
signal stability in the RF spectrum is visible in Fig.2-11(c) with a signal-to-background

ratio of 80dB for the fundamental repetition rate at 967.3 MHz.
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Figure 2-11: Results from the 1 GHz Erbium-doped fiber laser: (a) Optical spectrum with
17.5nm 3-dB bandwidth with an output power of 27.4 mW. (b) IAC trace with 187 fs FWHM
pulse duration. (¢) Repetition rate of 967.3 MHz with an 80dDB signal-to-background ratio.

Several versions of the 1 GHz laser were built, and Fig.2-12 shows the optical and
RF characteristics for a laser with 93 mm of Er-doped fiber spliced to a 7-mm-long SMF
piece. Depending on the fiber birefringence and butt-coupling, the mode-locked laser states
were centered at different operating wavelengths in the C-band. The spectrum centered
at 1571.1 nm featured a 16.6 nm, 3-dB bandwidth with an output power of 28.8 mW for a
launched pump power of 335 mW (which corresponds to 515 mW coupled into the wave-
length division multiplexer (WDM) at a 1100 mA pump current from an EM4-700mW pump
diode). For comparable pump powers, pulses centered at shorter wavelengths of 1563.9 nm

and 1556.8 nm were recorded with narrower FWHM bandwidths of 9.2nm and 7.5 nm, re-
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spectively, for 13.7mW and 10.3 mW of output power. The corresponding transform-limited
FWHM pulse durations vary between 160fs and 340fs. By reducing the SMF fiber piece,
a repetition rate of 1.034 GHz was obtained, as shown in Fig.2-12(b). Multiple lasers with
comparable repetition rates between 1.034 to 1.045 GHz were fabricated for different ap-
plications. The reproducibility of the laser depended on the length tolerances during the
fiber assembly, which determined the repetition rate (1 mm of fiber length corresponds to

a change in repetition rate by 10 MHz).
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Figure 2-12: (a) Optical spectrum for three different mode-locked states, (b) 1.034 GHz
repetition rate.

2.3.2 Long-Term Stability

In order to evaluate the stability of this laser, long-term power measurements were con-
ducted. However, as initial fluctuations of the laser output were directly correlated to
power fluctuations from the pump diode, an active feedback control of the output power
was implemented in order to negate pump power Huctuations. Fig.2-13 shows the output
power in 2-13 (a), the temperature inside the fiber package in 2-13 (b), the optical spectrum
FWHM in 2-13 (c¢), and the repetition rate drift in 2-13 (d) for 63 hours of continuous oper-
ation. For a launched pump power of 270 mW, the output power was measured by using a
power meter with an analog output, which recorded data at a sampling rate of 1 sample per
second through a data acquisition card (National Instrument PCI-6013). The optical spec-

tral width and the repetition rate were transferred from the instruments (ANDO AQ6317
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Figure 2-13: Long-term power measurements taken over the span of 63 hours confirmed
stable mode-locked operation.(a) Fluctuations in the output power were below 0.5 %, while
the environmental temperature (b) drifted by 1.5°C. Drifts in (c) the optical spectrum and
(d) repetition rate were induced by the temperature-dependent fiber birefringence.

and HP 8568B, respectively) through a GPIB interface every five seconds. For the active
feedback, the analog output of the power meter was fed into the negative input of a loop
filter box (New Focus LB1005) whose output modulated the current of the pump diode

driver.

Fig. 2-13 (a) shows the output power over a period longer than two days with fluctuations
of only 0.5%. The temperature in the laser package underwent deviations in the temperature
cycle of 1.5°C each day. Measurements started at 10 am and the temperature rose and fell
during daytime, while the temperature remained constant overnight. The fairly constant
optical spectral width and the repetition rate verified the good laser stability, since variations

were induced by the ambient temperature change. Variations in temperature can alter the
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birefringence of bent or twisted fibers [57], which affects the pulse energy (see Fig. 2 in [58])
and, as a consequence, the optical spectral width of the solitons. Thus, the temperature-
related changes in the optical spectrum can be explained by the temperature-dependent
fiber birefringence. Any of these temperature-dependent fluctuations could be suppressed

further by actively stabilizing the temperature within the fiber package.

The repetition rate drift of -7 ppm°C in Fig. 2-13 (d), originated mostly from the temperature-
dependent refractive index of the fiber. For higher temperatures, the optical path length
of the laser cavity increased, and it reduced the repetition rate accordingly. The corre-
sponding change of the optical path length of + 7 ppm °C, agreed well with the measured
thermo-optic coefficient dn/dT of + 8.5 ppm °C for fused silica fiber (Table 6 in [59]).

2.3.3 Polarization Rotation in Laser Output

In the previous section, the impact of fiber birefringence on the pulse energy and on the
optical spectrum of a mode-locked laser was outlined. In addition, fiber birefringence affects
the polarization state, since every single-mode fiber can support two orthogonal polariza-
tion modes. In a perfectly circular fiber, the two polarization modes are degenerate and
they propagate with identical phase velocities. However, in general, fibers have a slightly
elliptical cross-section so that residual stress generates linear birefringence, thereby allowing
different polarization components to interact with each other through nonlinear polarization
coupling [58]. Therefore, in a laser cavity without any polarizing elements, both polarization
eigenmodes can oscillate simultaneously, thus resulting in so-called vector solitons.
Depending on the cavity parameters, including the fiber birefringence, the laser output
polarization can evolve periodically or the two polarization components can be locked to
emit stable, elliptically polarized solitons, called polarization-locked vector solitons (PLVS’s)
[60, 61]. PLVS are locked in phase and group velocity, whereas in the case of an evolving
output polarization, the two polarizations within the laser cavity are coupled through cross-
phase modulation to propagate as one unit. Visible sidebands in the RF spectrum, once a

polarization discriminative element was incorporated in the external beam path, can thus be
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Figure 2-14: Schematic of polarization rotation that was converted into an amplitude mod-
ulation of the output pulse train. The polarization evolution (with a periodicity of 8 Ty
here) gave rise to frequency sidebands. The first part of this figure was adapted from [60].

explained by a modulation at a polarization evolution frequency (PEF). This is illustrated
in Fig.2-14, where the polarization evolution frequency is equal to eight times the initial
round-trip time, 8-Tg. In a polarization sensitive set-up (where the fiber laser output was
collimated onto a polarization beam splitter and focused with an aspheric lens onto a free-
space detector), the polarization rotation was translated into an amplitude modulation.
However, this polarization rotation could be eliminated by carefully aligning the fiber so

that the laser operated in the PLVS regime [60].

To support PLVS, the fiber was bent and twisted manually until an optimized polar-
ization state was achieved. Bends in the fiber introduced an additional retardation that
changed the orientation of an elliptical polarization state, whereas fiber twists rotated any
linear polarization (see [57]). However, due to the short fiber cavity, bending and twisting
of the fiber introduced additional changes to the butt-coupling contact at both fiber ends.

Therefore, in order to make this procedure more reliable, a commercially available po-
larization control unit was miniaturized and its length reduced from 76.2 mm to 56 mm, as
shown in Fig. 2-15. Although this required some modification of the ferrules to connector-
ize the fiber ends, the 1 GHz butt-coupled lasers could be accommodated in the modified
unit, see Fig.2-15. By rotating and squeezing the fiber, the number and position of the

polarization side-bands visible in the RF domain could be suppressed.
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Figure 2-15: Machined polarization control unit (56 mm length) for 1 GHz fiber laser.
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Figure 2-16: Output of 1 GHz EDFL with polarization control unit. For (a) and (b) adjust-
ments to the applied pressure on the fiber were made. The combination of squeezing and
rotating the fiber led to polarization-locked vector solitons in (c).

For Figs.2-16 (a) and (b), each mode-locked laser state was induced by applying addi-
tional pressure on the fiber with the adjustment screw. The recorded signal corresponded
to the TE polarization, which was recorded on a photodetector for the RF measurements.
The output power increased from 12.7 mW in state (a) to 13.2mW in (b), thus resulting in
a slightly wider optical spectral bandwidth from 5.7um to 6.3nm. By adjusting the fiber
birefringence in order to move the side-bands closer to the repetition rate line, the side-
bands generally collapsed and disappeared as PLVS were generated. With the polarization

unit, the combination of introducing a rotational twist and squeezing of the fiber produced
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polarization-locked pulses, as shown in Fig. 2-16 (c), with an output power of 13.2mW and
an optical FWHM bandwidth of 6.2nm. (For these studies, the laser was pumped only
with moderate pump powers, thus explaining the narrower FWHM spectral bandwidths of
~6nm.) The polarization remained stable over hours in the device. The polarization unit
reduced the alignment time and a polarization locked output was found in a more controlled
fashion that could be easily maintained. However, the degree of freedom from changing the
butt-coupling, which enabled tuning of the EDFL center wavelength, was lost due to the

residual strain and tight confinement within the polarizer unit.

2.3.4 Thermal Management of the SBR

Particularly for high-repetition rate lasers, good thermal management of the SBR was
essential to achieving long-term stable laser sources. During the optimization process of
the 1 GHz laser, SBR damage was encountered on different occasions. At times, damage
occurred instantaneously before the laser was mode-locked or at high pump-powers, when
the laser would fall out of mode-locking. In addition, thermal damage introduced by long-
term excessive heat was observed when butt-coupling the gain fiber directly to the SBR, or
in configurations without proper heat sinking of the absorber end.

Experiments with a dichroic mirror (which filtered out the 980nm pump light) in a
comparable laser set-up, demonstrated that the pump power significantly contributed to
SBR damage. Induced thermal heating from the pump light (for 380 mW of launched pump
power, a residual pump power of ~ 266 mW impinged upon the SBR for the 1 GHz EDFL),
in combination with femtosecond pulses at 1550 nm, resulted in a reduced damage threshold.
Therefore, the design of a pump-reflective coating was a key aspect in addressing the thermal
damage challenge. However, even with this additional dielectric coating, damage was still
observed for specific cavity configurations.

Thus, to study the SBR-related thermal damage in more detail, four different fiber cavity
set-ups were evaluated, as shown in Fig.2-17. The EDF and the SBR were in direct contact

with each other in configurations (a) and (b), while single-mode passive fiber (SMF-28e) was
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spliced to the EDF in configurations (c¢) and (d). The thickness of the GaAs substrate of
the SBR in configurations (a) and (c) amounted to 350 ym (the standard wafer thickness),
while the substrate was lapped down to a final thickness of 150 ym in configurations (b) and
(d) in order to improve heat sinking of the absorber layer. In all configurations, the total
cavity length ranged from 100 mm to 105 mm, with a 6-mm long SMF section incorporated
only for configurations (c) and (d). Most of mode-locking results described in this chapter
were obtained in a configuration similar to Fig. 2-17 (c¢), with a slightly longer length for the

SMF section.
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Figure 2-17: Four different EDFL configurations were analyzed in order to minimize thermal
damage to the SBR.

Configuration (a) was tested first. For a launched pump power of 180 mW, soliton pulses
were generated with an optical spectrum FWHM width of 5.4 nm and an average output
power of 5.0 mW at a repetition rate of 975 MHz. However, after tens of seconds, the output
power dropped to a few nW, with permanent damage observed on the SBR and fiber ferrule.
The hot fiber core most likely caused local deformations of the pump-reflective coating due to
different thermal expansion coefficients between the dielectric coating and the underlying
HI-V compound semiconductor-based SBR. After deformation of the coating, the pump

light might no longer have been fully reflected (observed as decreased fluorescence from the
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gain fiber before the intracavity losses became too high), which subsequently resulted in

additional damage to the SBR by heat that was generated by absorption of the pump light.

Therefore, to prevent thermal damage, two critical protective mechanisms were im-
plemented: (I) the SBR substrate was thinned down, and (II) passive single-mode fiber
was inserted between the EDF and the SBR. The GaAs substrate of the SBR was lapped
down from 350 pm to a final thickness of 150 um for improved heat sinking of the saturable
absorber. With a thermal conductivity of 55 W/(Km) [62], the thinner GaAs substrate re-
duced the overall thermal load by 3.6 uK/W. Closer proximity to the copper heat sink with
a thermal conductivity of 401 W/(Km) [63] constituted an improvement by a factor of ten,
since a copper layer of comparable thickness only had a thermal resistance of 0.5 uK/W.
The SMF fiber piece reduced the heat transfer from the EDF core to the SBR, and the
thinned-down substrate facilitated the heat transfer from the surface of the SBR to the
copper mount. As a result of both protective mechanisms, the laser demonstrated stable
generation of soliton-like pulses (see Fig.2-13 and Fig.2-18) for a time period exceeding

three weeks.
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Figure 2-18: Recorded power for 1 GHz laser with and without SMF spliced to the gain
fiber. The output power for the laser without the SMF buffer slowly decreases to 70 % of
the initial value.

At the same time, a comparison of configurations in Figs. 2-17 (b) and (c¢) indicated that
incorporating the SMF section had more impact than thinning the substrate of the SBR
to prevent thermal damage. When the output power from EDFLs with and without SMF

was recorded, the output power dropped to T0% of the initial output power over a span of
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20 hours for the fiber configuration without SMF, as shown in Fig. 2-18. The SMF-buffered
cavity maintained a constant output power with fluctuations of only a few percentage points,

which could be attributed to pump power fluctuations.

2.3.4.1 Temperature Evaluation in Gain Fiber

Spatial separation of the hot gain fiber core from the saturable absorber proved an effective
means to avoid thermal damage of the SBR. Thus, efforts were made to estimate the gain
fiber temperature. Because the core temperature in the fiber could not be easily determined
experimentally, this parameter was evaluated by following an approach similar to Li et al.
[64]. In order to transfer their evaluations for a gain fiber with a core diameter of 20 um
to the 1GHz EDFL (~ 8um core diameter), Li’s calculated values were prorated. By
assuming that 185 mW of pump light was absorbed out of 380 mW of launched pump power,
an equivalent absorbed pump power was derived. For a pump that was absorbed uniformly
over the smaller core, the equivalent absorbed pump power for the 8 um core diameter
corresponded to 185mW - (20 um /8 um)? = 1.16 W. The total equivalent launched pump
power was approximately two times the absorbed pump power, or 2.32 W, which raised the
temperature of the core by at least 55 °C above the ambient temperature (this was deduced
from Fig. 3 in [64]). In this calculation, the same absorbed pump power per unit area
was assumed to induce the same temperature increase of the core fiber. However, the core
temperature should be treated as a lower limit estimate, since Li et al. actively cooled their
Er/Yb gain fiber, whereas, in this system, only passive air convection to the environment

provided heat transfer.

Therefore, heat diffusion equations (similar to an analysis conducted in [65], [66] and
[67]) were evaluated in order to obtain an analytical approximation for the thermal distri-
bution in steady-state in the fiber. The following two equations for a fiber core radius of

Tcore and cladding radius of rejgqging describe any radially symmetric fiber with radius 7:
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In the presented fiber laser systems, which consisted of short gain fiber sections, the
pump power absorption was assumed to be uniform. Thus, the heat distribution did not
vary along the longitudinal cavity dimension z so that the second derivative terms could
be neglected in Eq.2.1 and Eq.2.2, thus simplifying the temperature distribution T'(r, 2)
to a radially symmetric profile T'(r). The thermal conductivity k& of SiOy was assumed
at k = 1.38-1072 an\yﬁ (compare [65]). The heat density Qo was calculated based
on an absorbed pump power of 183 mW over a 9.2cm length in the 1 GHz EDFL with a

pump

quantum-limited heat absorption of 1 — A—A— = 0.37 for the core area. By using boundary
conditions for a continuous temperature profile and its derivative, the following equations

can be derived:

2 . 2 2
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Here, a convective heat flow in air at the outer radius (heat transfer coeflicient of air

of h=1-10"3

chK) was assumed, and T, describes the temperature of the air coolant.
Eq. 2.3 indicates that the temperature in the gain fiber can reach 121.8° C. Depending on
the pump power launched into the gain fiber, the temperature can vary between 77.3°C
(for the mode-locking threshold of 200mW launched pump power and an assumed absorbed

power of 100mW) and 121.8° C.
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2.3.4.2 Optical Microscopy of SBR Damage

Slow degradation of the optical performance usually indicated the onset of damage to the
SBR. In this context, we refer to permanent changes to the SBR surface structure that are
visible under an optical microscope and that impaired the optical laser operation.

The above-mentioned mechanisms to protect the SBR from the pump light and to
reduce its thermal exposure, effectively mitigated thermal damage effects to the SBR. Thus,
continuous long-term stable operation was recorded over months. However, in some other
instances, damage to the SBR was still recorded and studied further.

Fig. 2-19 depicts the microscope image of a polished fiber ferrule connector that was butt-
coupled to the SBR. The ferrule itself featured a 3.4 mm diameter, with a 125 ym cladding
diameter and a ~9 pm diameter core. In Fig.2-19, the core area exhibited permanent
surface damage, which was visible as deposition specks on the otherwise smooth and polished
fiber tip surface. At the onset of damage, deposition specks resembling small droplets first
formed on the fiber ferrule surface. Usually, these drops had low surface adhesion and could
be removed by mechanically cleaning the fiber ferrule. However, with time, any depositions
tended to extend across the core area of the ferrule surface, as visible in Fig. 2-19, but they
remained limited to the core and its proximity. While damage to the fiber connector end
could be removed by mechanical polishing, damage to the SBR was irreversible, as shown

in Figs.2-20 (a) through (c).

Figure 2-19: Optical microscope image of damage in the core region of a fiber connector.

Fig. 2-20 (a) shows damage spots on the SBR VA86 PRC where the fiber core came
in direct contact with the SBR. This damage resulted from a butt-coupled 1 GHz EDFL
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Figure 2-20: Microscope images of SBR damage: (a) SBR VA86 with PRC under 50x
magnification, (b) magnification of damage on SBR VA86 PRC, and (c¢) damage on proton-
bombarded SBR VARG from external 625 MHz fiber laser.

whose mode-locking state was continuously modified, and Fig. 2-20 (a) demonstrates one of
the worst case scenarios. During the alignment process, the fiber was slightly bent and the
SBR end rotated in order to optimize the mode-locking state. Thus, damage extended over
a small, localized area. The damage resembles mechanically abrasive spots on the surface

possibly combined with thermal damage to the SBR layers.

Figs.2-20 (b) and (c) show other examples of inflicted SBR damage. Fig.2-20(b) shows
two defined ring structures towards the top of the damaged spot, whose dimensions directly
correlate with the fiber core diameter of a butt-coupled EDFL. In the center of the image,
individual damage combined into more elongated structures, where the fiber position was
slightly varied. Thermal damage on SBR VA86 without any pump-reflective coating from
an external fiber cavity (cf. Section 3.3) is illustrated in Fig.2-20 (c). Here, the focus spot
on the SBR was moved in order to obtain the best mode-locking state. Excessive pump light
leakage at 980nm onto the SBR was assumed to have contributed to the visible damage
and heating of the layers, leading to small surface cracks.

The exact origin of these damage spots is currently being studied further. As the pump-
reflective-coated SBRs were used for long-term operation (several months) in the butt-
coupled EDFL lasers without performance degradation, extensive damage does not seem
to have been caused during steady-state mode-locked operation. However, before stable cw
mode-locking is achieved, the laser, in general, goes through a transitionary Q-switching

state, during which intensity fluctuations significantly higher than the steady-state mode-
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locking intensities can arise. Therefore, damage is likely to occur when these intensity spikes
induce rapid temperature changes which can lead to the observed material deformation or

buckling of the surface layers.

In addition, preliminary experiments implied that the extent of damage depended on
the total absorber layer thickness, as a double-absorber SBR VA148 (see Chapter 5) was
more prone to damage while under the comparable mode-locking conditions, the above-
mentioned single-absorber VA86 provided a stable output pulse train. Since the SBRs were
designed for a maximum overlap of the electric field with the absorber, effects in the GaAs
cladding might contribute as secondary effects. Though studies performed on thin quantum-
well absorber devices with low modulation depths (smaller than 1%) at multiple mJ/cm?
fluence levels [68] indicate that inverse saturable absorption effects based on two-photon
absorption in the GaAs layers set the damage threshold for SBRs. These findings might not
necessarily be transferable to the presented laser systems that operated at reduced pJ/cm?
fluences. As damage was recorded in an intracavity laser (as compared to an external
steady-state femtosecond pulsed source in [68]), transient influences were not considered in
the performed study. Therefore systematic studies of determining damage thresholds with a
comparable femtosecond laser source for SBRs outside the laser cavity could reveal further

insight.

2.3.5 Alternative Butt-Coupling Mechanism

To improve the current butt-coupling mechanism, but continue to offer the capability of
exchanging SBRs, a SBR was mounted on the surface of a fiber ferrule. This fiber ferrule
with the SBR on top was then butt-coupled in a mating sleeve against the EDFL connector.
Such a mounting mechanism offered the advantage that any rotating motion between the
SBR and fiber ferrule could be avoided (compare current butt-coupling in Fig. 2-4). For this
purpose, small pieces of the SBR sample were cleaved. When the SBR was directly mounted
on top of a regular fiber zirconia ferrule with a 2mm diameter, as seen in Fig. 2-21 (a),

thermal damage to the SBR was noted since no heat-sinking mechanism was implemented.
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In order to improve the thermal heat transfer, Cu rods of the same diameter as fiber
ferrules was machined (with support from Jonathan Morse). Figs.2-21(b) and (c) show
the SBR that was secured with silver paste on top of the Cu rod. The fiber assembly is
illustrated in Fig.2-21 (d), with the EDFL connector butt-coupled against the SBR on the
Cu rod in a brass mating sleeve. (The plastic connector cap merely served to handle the
Cu rod more easily.) With this mounting mechanism, stable mode-locked operation for the
presented Erbium-doped fiber lasers was achieved for optical spectra centered at ~ 1560 nm.
The mode-locked state could be readily reproduced, since slight angle deviations were not
permitted in this butt-coupling approach, contrary to the lens tube mounting mechanism.
In addition, coupling between fiber connectors in a mating sleeve was reliably used as an
optimized configuration between the EDFL fiber ferrule and the OC. It offered the advantage
that visual feedback on the position on the SBR was obtained through the slit in the mating

sleeve. Therefore, this approach provided a good alternative butt-coupling mechanism.

EDFL
connector
k™. v

oy
-
sleeve

Figure 2-21: (a) SBR mounted on a commercially available zirconia ferrule. (b) SBR
mounted on a custom-machined Cu rod. (c) Magnification of SBR secured with silver glue
on the top surface of the Cu rod. (d) Assembly of the EDFL connector which is butted
against the SBR on top of the Cu rod in a mating sleeve.

2.3.6 Phase Noise

Phase noise is defined as the single-sided spectral density of the temporal phase fluctuations
of a desired signal. Rapid, random fluctuations, due to instabilities, lead to a distribution
around the desired frequency line so that power is spread to adjacent noise side-bands. This

can be captured in the frequency domain by a power spectral density measurement relative

65



Chapter 2. GHz SBR Mode-Locked Erbium-doped Fiber Lasers

to the signal frequency.

In general, two major noise sources contribute to the phase noise spectrum: Basic quan-
tum mechanical noise from amplified spontaneous emission (ASE) induces amplitude and
phase fluctuations. This ASE noise is statistically independent and leads to a random walk
of the pulse position each round-trip, proportional to 1/f2 [69]. As a second mechanism, the
center frequency of the pulse undergoes fluctuations which couple indirectly through disper-
sion into phase-noise. Thus, the phase noise density spectrum Sa4 (which is the two-sided

noise spectrum) can be expressed as (compare [69]):

Ohf leay T

1 Ohf leay
E Trr @rf) Af - (@5)

2
Sos ~ 0.53
2 (fTRT) rf)24+72 E Tgr

+0.53

In Eq. 2.5 the phase noise is proportional to the photon energy h f, the total intracavity
losses lqy and to the square of the pulse duration 7,. Longer pulses are more susceptible to
quantum noise changes over a wider temporal window, which can lead to larger shifts of the
weighted center of the pulse. The direct phase noise contribution is inversely dependent on
the pulse energy F and round-trip time Tg7, since with longer cavity lengths the impact of
gain and loss noise acts less frequently on the propagating pulse. 8 describes a spontaneous
emission factor, A f the spectral pulse bandwidth and 7, describes the filter time constant

from gain filtering or other bandwidth limiting devices.
Once the phase noise has been determined, the RMS integrated timing jitter 7 can be

deduced from the single side-band phase noise density spectrum S, through Eq.2.6 for a

frequency interval [f1, fa].

f2
! 2. / S, df (2.6)
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Fig.2-22 (a) shows the single side-band (SSB) phase noise for the first harmonic of
the 967.3 MHz EDFL. The laser output power was focused on a photodetector (EOTech
ET-3500), filtered by a bandpass filter, and amplified to +16 dBm before being measured

with a signal source analyzer (Agilent E5052). The timing jitter integrated from 10 MHz
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progressively down to 1kHz is shown as the red dotted line in Fig. 2-22 (a), which indicates
an integrated jitter of 22 fs over the entire interval. The phase noise below 10kHz follows a
slope of -20 dBc/decade and can be suppressed by controlling the fiber length with a piezo-
based stretcher and locking the repetition rate to an electronic oscillator with better long-
term stability. The bandwidth limitations of this approach will likely limit the suppression
of the phase noise to frequencies below 10 kHz. Phase-noise contributions at low frequencies

can also be attributed to RF amplifiers.
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Figure 2-22: (a) Single side-band phase noise and timing jitter (dashed line) and (b) relative
intensity noise.

The relative intensity noise (RIN) of the 967 MHz EDFL, see Fig. 2-22 (b), was measured
to demonstrate the stability of the output intensity. The laser output was converted to an
electrical signal by an amplified InGaAs photodetector (Thorlabs PDA400) with a trans-
impedance gain of 7500 V/A. The split output power level of 0.53 mW was generated with a
voltage of 3.54 V at the detector output with a 50 2 termination. The corresponding RIN of
the shot noise level, -153 dBc/Hz, exceeded the noise floor of the vector signal analyzer (HP
89410A) so that the measured noise was mainly determined by the laser output noise and
not limited by the vector signal analyzer. The integrated relative intensity noise of 0.014 %
from 10Hz to 10 MHz mostly originated from the pump diode noise that is shown as the
dark red curve in Fig. 2-22 (b). The RIN of the laser was lower than that of the pump diode

because the slope efficiency was reduced at the operation point due to gain saturation. A
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rapid drop of the laser RIN above 1kHz is attributed to the long upper state lifetime of
Er-ions. Both RINs, of the pump diode and the laser, show downward slopes near 7-8 MHz,
which was consistent with the 3-dB detector bandwidth of 10 MHz.

The 967 MHz EDFL featured an optical spectrum that was centered at 1570 nm with
a spectral bandwidth around 16 nm. This phase noise measurement was compared with a
1.044 GHz EDFL, which was centered at 1560 nm with a 3-dB optical bandwidth around
10nm and 10 mW of output power.

Fig. 2-23 (a) shows the phase-noise and integrated timing jitter for two different mode-
locked laser states of the free-running 1 GHz EDFL, as recorded for the fundamental rep-
etition rate with the signal source analyzer. A constant offset in the phase noise is clearly
visible. As different RF amplifiers were used in both measurements, the 1.044 GHz mea-
surement was likely limited by the amplifier noise for the whole measurement spectrum.
For an integration range of 1kHz to 10 MHz, the integrated RMS timing jitter depended
highly on the mode-locked state, varying between 22 fs for the 967.4 MHz EDFL and 72fs
for the 1.044 GHz EDFL. Thus, a more detailed study of how the different mode-locked
states affect the timing jitter is being performed and the influence of different RF amplifiers
tested.

In addition, the phase noise measurements of the 967 MHz EDFL and a 509 MHz EDFL
(consisting of purely Liekki Er-80 8/125 gain fiber) were compared. The 509 MHz laser,
in general, mode-locked at a center wavelength at 1565 nm with a 3-dB bandwidth around
8nm. In this instance, the slope of both measurements matched, however, the high fre-
quency noise performance for 500 kHz and higher was characterized by saturation effects
for the 509 MHz EDFL. Different filter bandwidths could account for the different slopes
at high offset frequencies. As for the 1.044 GHz EDFL measurement, the highest offset
frequencies dominate the timing jitter, which for the 509 MHz laser amounted to 55fs for
the interval of 1kHz to 10 MHz.

In general, low phase-noise can best be measured in the optical domain. Thus, a balanced
optical cross-correlation for each laser system which can resolve attosecond timing-jitter can

therefore reveal the limitations of this measurement and determine the actual timing jitter.
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Figure 2-23: Comparison of single-side band phase noise and timing jitter: (a) for different
1 GHz EDFL mode-locked states and (b) for 1 GHz EDFL and 500 MHz EDFL.

2.3.7 Repetition Rate Locked System

In the previous section, the noise performance for offset frequencies from 1kHz to 10 MHz
was studied. As repetition rate fluctuations significantly impacted the phase noise below
frequencies of 1kHz, stabilization of the repetition rate was pursued in collaboration with
David Chao and results are described in this section.

Different mechanisms exist for stabilizing the laser repetition rate f..p. In a direct de-
tection scheme, one filtered RF line can be locked to an independent microwave oscillator
so that the error signal provides feedback to an actuator within the laser cavity. Common
methods include displacing one of the cavity end mirrors through piezo-transducers or mo-
torized stages to adjust the cavity length or utilizing piezo-controlled fiber stretchers. The
preferred implementation depends on the cavity configuration and desired locking band-
width, since fiber stretchers usunally exhibit smaller bandwidths.

For the 1 GHz EDFL, a compact actuator scheme had to be implemented as after con-
nectorizing the EDFL only ~ 56 mm of the gain fiber remained accessible. Mounting the
EDFL in a fiber stretcher introduced significant strain on the fiber so that during operation,
the optical fiber snapped. As an alternative, adjusting the butt-coupling between the SBR
and the end facet of the EDFL cavity with a piezo-controller was explored, as illustrated in

Fig. 2-24(a). A special mounting configuration, as shown in Fig.2-24 (b), was assembled
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Figure 2-24: (a) Schematic of repetition rate locked EDFL system with a piezo transducer
(PZT). (b) Photograph of the mounted SBR VA86 PRC on a Cu-heat sink on top of the
piezo transducer which was secured to a Cu block.

to be compatible with a longer lens-tube set-up for butt-coupling. Any movement of the
bottom Cu block in the lens tube was restricted by a retaining ring, without limiting the
displacement range of the PZT. A reduced diameter Cu plate provided the critical heat
sinking for the SBR. A 1 mm thin Cu disc was chosen so as to not significantly increase the
load for the piezo-transducer and to not reduce the overall locking bandwidth. Moreover,
the mounting procedure of the individual components complied with the damage thresholds
of the individual parts. Thus, a combination of Indium soldering, Crystalbond 509 and sil-
ver paste was used to secure the individual components, depending on whether a permanent

or reversible attachment was considered advantageous.

However, given the high sensitivity of the EDFL to butt-coupling changes, this approach
could potentially change the mode-locked states and introduce polarization side-bands with
any piezo-electric induced displacements of the SBR. Thus, the feasibility of this approach
was tested by determining the range of the piezo-electric transducer for which mode-locking
of the EDFL could be supported. The piezo-controller voltage was manually adjusted to
induce displacements to the linear cavity of up to ~0.42 ym in air, which translated to
repetition rate changes of ~ 3kHz. For increasing repetition rates, the center wavelength of
the optical spectrum shifted by ~ 0.25nm to shorter wavelengths, while the 3-dB bandwidth
was reduced by up to ~4%. For larger length offsets to the cavity, the laser no longer mode-
locked. However, as repetition rate changes were observed to be ~ 0.1 kHz over several
minutes, which corresponded to ~ 15nm of cavity length changes for the linear laser, these

fluctuations could be adjusted with the available transducer movement range.
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Figure 2-25: Schematic of the locking electronics for the repetition rate lock. Courtesy of
David Chao.

The schematic of the repetition rate locking set-up is shown in Fig.2-25. The fiber laser
output power was split in half and detected with a fast photodetector to generate a RF
signal train. The fundamental 1 GHz repetition rate was low-pass filtered, RF amplified by
40 dBm and mixed with the output of a signal source generator (HP 83732B) to 10.7 MHz.
This RF signal was low- and band-pass filtered, amplified by 60dB and band-pass filtered
in a second stage to improve the spectral purity. The signal was then compared in a phase-
detector with a microwave oscillator (SRS DS345) at 10.7 MHz whose error signal provided
the input to a servo lock box (Precision Photonics LB 1005). The coarser discretization of
the digital mixer (range of + 32 7) limited the lock to a residual phase noise around 0.1 rad
(corresponding to 3mV voltage in the locked state), as shown for the in-loop error signal
in Fig. 2-26. An analog phase-detector significantly enhanced the lock as the residual phase
noise could be reduced to 1.4mrad (lock box settings for internal PI-controller of 7.1 for

gain and 1kHz corner frequency).

To evaluate the impact of the repetition rate lock on the noise properties, the single side-
band phase noise density was measured. The detected laser output (with an InGaAs pin
photodetector EOTech 3500F) was amplified and bandpass filtered to the fundamental rep-
etition rate, before the signal was measured with the signal source analyzer (Agilent 5052A).
The best phase noise spectrum was recorded for input signal values close to the maximum
input power of +23dBm. The comparison of the SSB phase noise for the free-running
(unlocked) and repetition-rate-locked EDFL is displayed in Fig.2-27. The low-frequency

phase noise was significantly reduced for the locked system within the locking bandwidth
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Figure 2-26: In-loop error signal out of the digital phase detector, recorded on an oscillo-
scope. Once the lock is initiated, the error signal collapses to 3mV RMS amplitude.

(deduced from this trace) of ~1kHz. As the low frequencies significantly contributed to the

RMS integrated timing jitter, the free-running system featured a timing jitter of 4.8 ps for

a 10 Hz to 10 MHz integration range, which was significantly reduced for the locked EDFL

with a timing jitter of 215 fs over the same interval.

SSB Phase Noise (dBc/Hz)

-40 .
1
-60 P Unlocked
-80 ; — Locked
-100F %
)
“\
140} ™ |
-‘-"'——-—.—______.—hv
-160 ki ()
10 100 1k 10k 100k 1M 10M

Offset Frequency (Hz)

700

1600 &
1500 &
=
14005
1300
I5i
1200 =
w

1002

Figure 2-27: Phase noise (solid lines) and timing jitter (dashed lines) for repetition-rate-
locked EDFL and free-running EDFL.
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2.4 Additional Fiber Laser Designs

2.4.1 2 GHz Harmonically Mode-Locked Laser

While the repetition rate f.., in a fundamentally mode-locked laser cavity is determined by
the cavity length, harmonically mode-locked lasers operate at harmonics of the fundamental
repetition rate. Thus, in a harmonically mode-locked laser (HMLL) multiple pulses circulate
in the laser cavity, as illustrated in Fig.2-28, resulting in more complex pulse dynamics.

Intracavity amplitude modulation or interferometric filtering can induce HMLL by forc-
ing the pulses into constant temporal spacings. However, under special conditions, self-
organization of the pulses at harmonics of the repetition rate can take place, as observed in
passive soliton fiber laser systems [70, 71, 72, 73] or stretched-pulsed configurations [74, 75]
without any active control. In these cases, any excess soliton pulse energy leads to quanti-
zation which, combined with high nonlinear phase shifts and fluences significantly beyond
the saturable absorber saturation fluence [71], can induce pulse break-up. For high intra-
cavity pulse energies, the decreasing pulse durations can no longer be supported by the
limited gain bandwidth, and multiple-pulse operation with longer pulses at smaller energies
is favored [76].

In the previously described 1 GHz SBR butt-coupled EDFL, harmonic mode-locking
based on certain fiber birefringence and saturable absorber coupling states was observed.
Self-organized pulses at twice the repetition rate were measured, as shown in Fig. 2-29. The
optical spectrum of the 2 GHz EDFL was centered at 1566.8 nm with a 3-dB bandwidth of

9.3nm. The fundamentally mode-locked laser featured a center wavelength of 1565.3 nm
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Figure 2-28: Schematic of fundamentally and harmonically mode-locked laser.
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Figure 2-29: Fundamentally and harmonically mode-locked EDFL. (a) Optical spectra of
fundamentally mode-locked 1 GHz EDFL and 2 GHz harmonically mode-locked EDFL. (b)
RF spectrum of 1 GHz EDFL. (c¢) RF spectrum of 2 GHz HMLL EDFL. The side-bands in
the RF spectrum are due to polarization rotation.

with a 10.9nm 3-dB bandwidth, as shown in Fig. 2-29 (a), indicating only slightly longer
pulse durations for the HMLL. At moderate launched pump powersl of 280 mW and output
powers of 10.8 mW, break-up into multiple pulses occurred. As higher output powers up to
27 mW and shorter pulse durations for the fundamentally mode-locked laser were observed
in the same cavity configuration (compare Section 2.3.1), the fiber birefringence, intracavity
losses and SBR coupling were critical to induce higher harmonic mode-locking. The RF
measurements in Figs. 2-29 (b) and (c) verified that the RF properties of the 2 GHz output
pulse train in terms of supermode noise suppression were on the same order as for the
1GHz EDFL system. However, the HMLL featured polarization rotation side-bands in
the RF spectrum in Fig.2-29 (¢) since it was challenging to suppress the side-bands while
maintaining the harmonically self-organized pulse train. Therefore, to obtain stable, higher
repetition rate output pulse trains, external repetition rate multiplication mechanisms offer

a more reliable method as discussed in Chapter 4.

2.4.2 1.25GHz Er-doped Fiber Laser

As introduced in the previous section, harmonic mode-locking is one option to extend
the repetition rate of mode-locked lasers to higher multiples of the fundamental repetition

rate. However, such operation comes at the trade-off of more complex pulse dynamics with
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higher timing jitter. Therefore, in this section, the repetition rate of fundamentally mode-
locked lasers is increased by reducing the cavity dimensions, as illustrated in Fig. 2-30 since

improved timing jitter can be obtained in fundamentally mode-locked lasers.

Fundamental L [\ j ! ﬂ ﬂ 6u_u_l_)f

mode-locking
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Figure 2-30: Schematic relating reduced cavity dimensions to higher repetition rates for
fundamentally mode-locked lasers.

To reduce the cavity dimensions for the presented 1 GHz EDFL while exploiting SBR
soliton-mode-locking, the gain fiber lengths of the cavity were reduced. For a cavity config-
uration similar to Section 2.2 with Liekki Er-80 8/125 gain fiber, no soliton mode-locking
beyond 1.5 GHz could be observed since the average power became limited by the available

gain. In the following, results are presented for an EDFL with a repetition rate of 1.23 GHz.
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Figure 2-31: RF Spectrum of 1.23 GHz laser.

A repetition rate of 1.23 GHz (cf. Fig. 2-31) was achieved by reducing the cavity length to
77 mm of Er-doped gain fiber (Liekki Er-80 8/125) spliced to 6 mm of SMF-28e passive fiber.
For a launched pump power of 290 mW (polarization combined pumps with pump currents
of 1250 mA and 920mA), the center wavelength of the optical spectrum was tunable so that

three different mode-locked laser states were characterized, as summarized in Table2.1. By
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Figure 2-32: OSA traces for 1.23 GHz EDFL with wavelength tunability induced by the
butt-coupling state.

Center Wavelength | 3-dB Bandwidth | Output Power | Intracavity Pulse Energy
1554.3nm 5.3 nm 19.0mW 154 pJ
1557.0 nm 5.4nm 20.1mW 163 pJ
1559.2 nm 7.3nm 22.9mW 186 pJ

Table 2.1: Performance characteristics of three mode-locked laser states at 1.25 GHz, de-
pending on butt-coupling to the SBR and induced fiber birefringence.

adjusting the gain fiber bend, the inherent birefringence, and the butt-coupling to the
SBR, the center wavelength of the optical spectrum was changed between 1554.3 nm and
1559.2 nin, see Fig.2-32. For longer wavelengths, the intracavity losses decreased, leading
to higher pulse energies and stronger nonlinear spectral broadening as reflected by the
increasing 3-dB spectral bandwidth from 5.3nm to 7.3nm (cf. Table2.1). The laser cavity
supported polarization locked vector solitons after adjustment of the fiber birefringence, as

shown by the lack of polarization rotation side-bands in the RF spectrum in Fig.2-31.

2.4.3 Polarization Maintaining Fiber Designs

Although the 1 GHz EDFLs were optimized for long-term stable operation, the procedure

to find the desired operation wavelength regime and to suppress the polarization rotation
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side-bands remained time-intensive. During this alignment process, the laser generally
was not steadily mode-locked but mostly operated in a Q-switched regime. The SBR was
thus exposed to-significantly higher fluences than in steady-state and was therefore more
susceptible to thermal damage. Reducing any transient states proved critical and was
accomplished, e.g. with the polarization controller mount.

In an ideal cavity configuration, the polarization rotation would be suppressed without
any external fiber cavity devices, which are sensitive to mechanical perturbations. To ac-
complish this goal, lasers were implemented in polarization maintaining Er-doped gain fiber
(PM). Based on a comparable cavity configuration to the 1 GHz EDFL outlined in Chap-
ter 2.2, 500 MHz PM fiber lasers consisting of 200.8 mm pure Nufern PM 7/125 (55dB/m
absorption and -22.7 fs?/mm anomalous dispersion) were constructed. Two PM fiber lasers
were built with an additional focus on determining how close the repetition rate could be
reproduced. After measuring the fiber to 0.1 mm precision, the reflection of the cleaved
fiber end resulted in a reflected signal characteristic to the cavity resonance. From the
corresponding RF signal, the refractive index of the fiber was determined to n=1.46534
with 5 digits accuracy.

Though the absorption in the 500 MHz PM gain fiber with 55 dB/m was slightly reduced
in comparison to the Liekki 8/125 gain fiber with 80 dB/m, high single-pass pump absorption
ratios of 76 % were observed for a single-pass through the cavity (compared to 30 % in the
1GHz EDFL). For a cw laser cavity with two 10% output couplers defining the cavity,
~65% of the pump light was absorbed and intracavity powers of up to 246 mW measured
for 320 mW of coupled pump power. This value was more than double the intracavity power
that was determined for the 1 GHz EDFL in the corresponding set-up (50 % total pump
absorption for 111 mW of intracavity power).

The mode-locking threshold for the 500 MHz lasers was fairly low at 85 mW of coupled
pump power. Fig.2-33 represents a selection of different spectral output states, centered
at 1563nm, 1557 nm and 1561 nm with 3-dB bandwidths of 10.1nm, 9.8nm and 9.0 nm,
respectively. All three optical spectra featured a small hump at longer wavelengths. To

obtain mode-locking at shorter wavelengths, the coupled pump power was increased to gen-
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Figure 2-33: Optical spectrum for 509 MHz PM EDFL.

| Center Wavelength [nm] [ 1556 | 1557 | 1561 [ 1563 | 1578 |
FWHM Bandwidth [nm] 50 | 9.8 | 9.0 | 10.1 | 13.0
Output Power [mW] 33 | 63 | 56 | 58 | 6.7
Coupled Pump Power [mW] || 118 | 212 | 150 | 118 | 150

Table 2.2: Different mode-locked laser states, characterized by center wavelength of optical
spectrum and repetition rate for the same PM 500 MHz laser (EDFL2).

erate comparable 3-dB spectral bandwidths, as illustrated in Table2.2. The presence of
small air gaps was assumed to alter the encountered intracavity losses, making the longer
wavelengths a more favorable state. Preliminary numerical simulations confirmed that for
larger air gaps, the SBR reflectivity increased for longer wavelengths, as the reflectivity pro-
file became tilted. In addition, the SBR dispersion was less anomalous, thereby decreasing
the magnitude of the net dispersion, which led to reduced pulse durations, as a consequence
of higher intracavity pulse energies and enhanced nonlinear broadening (compare Eq.1.2).
This was in good agreement with the empirical observation that loosening the butt-coupled

contact significantly resulted in longer wavelength operation.

Fig.2-34 (a) compares two different butt-coupled states for the two different PM fiber
lasers EDFL1 and EDFL2. EDFL1 was mode-locked with a BATOP SAM-1550-9 SBR
whereas EDFL2 utilized SBR VA86 (proton-bombarded with 1-10'5 at 40keV). Both SBRs
provided comparable performance. In the current configuration, the repetition rate between
the two lasers is spaced apart by 100kHz (see Fig.2-34 (b) and (c¢)). It is expected that

this offset can be adjusted by thermal tuning of the lasers. However, the key point of
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Figure 2-34: Comparison of two PM EDFLs. (a) Optical spectrum centered at 1570 nm
and 1557 nm for EDFL1 and EDFL2. (b) EDFLI featured a repetition rate of 509.50 MHz,
(c¢) EDFL2 a repetition rate of 509.60 MHz.

mitigating the polarization rotation was addressed in these PM fiber lasers as no side-bands

were noticeable in the RF spectrum.

To generate higher pulse energies, SBR butt-coupled PM fiber lasers at 204 MHz were
constructed, using 49.9 cm of the same Nufern 7/125 PM Er-doped gain fiber. These lasers
featured a high pump absorption of 89 % and up to 400 mW intracavity power for cw op-
eration. As these lasers mode-locked (cf. Fig.2-35), excessive damage of the SBR occurred
as the VA86 PRC was not designed for the high fluence levels of up to 2.4mJ/cm?. Mode-
locked lasers around 200 MHz in a stretched pulsed configuration (combining longer sections
of passive fiber to reduce the gain fiber length) are currently being investigated with the

goal of obtaining ultra-low timing jitter laser sources [77|.

Incident fluences from this 204 MHz PM laser amounted up to 2.4mJ/cm? on a coated
SBR VA86 PRC and thus exceeded its saturation fluence of 3.7 uJ/cm? by up to a factor
of ~ 650. Though coated with a dielectric coating, operation of the SBR far beyond its
saturation fluence was expected to lead to damage (cf. [68]). Thus, the extent of the damage
was further analyzed through surface profilometer scans (performed by Sheila Nabanja). In
Fig.2-36 (a) a three-dimensional profilometer scan image is shown together with a cross-

sectional cut in Fig. 2-36 (b) for the same severely damaged VA86 PRC. In this case, distinct
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Figure 2-35: Mode-locked spectrum of 204 MHz PM EDFL.

craters are visible, with the deepest one extending over an area of ~ 20 um in diameter and
up to 3 um in depth, while the other damage spots did not exceed 1 um depth with diameters
smaller than 10 ym. For this SBR, the InGaAs absorber was located ~1.5 um below the
surface of the SBR.

As Fig. 2-36 implies that material expulsion and redeposition might have occurred, a
literature review on ablation in dielectric coatings was performed. However, laser induced
damage thresholds for dielectric materials (mostly SiOs) at a wavelength of 800nm are
quoted for sub-picosecond pulses at J/cm? fluences. The resulting high peak intensities
experienced multi-photon impact ionization with free electrons leading to avalanche effects,
thereby resulting in plasma formation and optical damage. In this regime, collateral damage
was of secondary nature since the electrons absorbed the energy much faster than they were

able to transfer the kinetic energy to the lattice [78, 79].

Any bulk damage thresholds are orders of magnitudes higher than the 2mJ/cm? fluence
levels encountered in the lasers. Even after taking the field enhancement in the quarter-
wave dielectric layer stack into account, as performed by [80] and [81] for a SiO2 and TazOs
coating at 800 nm, ablation thresholds are still on the order of 360 mJ/cm? or higher [80].
For GaAs ablation thresholds (cf. [82, 83, 84, 85]), the onset of ablative damage at 800 nm
for 130fs short pulses was noted for minimum fluence values of ~90mJ/cm? and crater

formation with rims consisting of resolidified material was inflicted by pulse energies of at
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Figure 2-36: (a) Three-dimensional profilometer scan of damaged SBR VAS86 PRC in
204 MHz laser, exposed to high fluence values. (b) Cross-sectional profilometer scan and
(c) optical microscope image of the same SBR sample.

least 150nJ [82].
However, in the developed EDFLs, operating wavelengths of ~ 1550 nm are larger than
the GaAs absorption band-edge and the lasers operate at pulse energies significantly below

the damage thresholds. Thus, the exact damage mechanism is still further studied and

TEM studies are expected to reveal more insight.

2.4.4 External Free-Space Section Fiber Lasers

Instead of an all-fiber system, a fiber laser with a free-space section to focus on the SBR
provided an alternative approach to remedy the above-mentioned challenges of thermal
damage to the SBR and to address the lack of a polarization discriminating element. The
free-space section spatially separated the gain fiber and saturable absorber. By choosing

appropriate focusing lenses, the incident fluence on the SBR was modified. In addition, a
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Figure 2-37: (a) Configuration of a free-space 1 GHz EDFL. (b) Optical spectrum and (c)
RF trace.

thin-film polarizer could physically be incorporated in the free-space air path. However,
collimating and coupling losses from fiber to free-space usually amounted to at least 20 %,
so that a SBR with a higher modulation depth was necessary for efficient pulse-shaping
(BATOP with 21% absorber losses), cf. Fig.2-37(a). In addition, to attain repetition
rates of 1 GHz, the gain fiber section was reduced to 75mm in length (combined with a
29 mm long air path). These effects led to lower intracavity pulse energies of 20 pJ with
a 5nm FWHM spectral bandwidth at 1560 nm for the free-space fiber set-up, cf. Fig.2-
37 (b), compared to the butt-coupled EDFL, which featured intracavity pulse energies up
to 283 pJ. Stable mode-locking at 1.05 GHz repetition rates was confirmed in Fig. 2-37 (c).

These results were obtained in collaboration with David Chao and Jonathan Morse.

Replacing the free-space pump end section with the coated output coupled ferrule im-
proved the pump coupling efficiency into the gain fiber. Thus, the gain section was further
reduced to 62 mm for a repetition rate of 1.26 GHz. This laser was mode-locked with a 12 %-
modulation depth BATOP SBR and the laser featured an 8 pJ intracavity pulse energy with
a 5.9 nm 3-dB bandwidth at 1556 nm (pump power of 360 mW). For stable mode-locking, a

3mm lens focused the beam diameter to a ~4 mm diameter spot on the SBR.

In general, the butt-coupled EDFL configurations provided superior optical perfor-
mance, higher output power and were less sensitive to environmental perturbations. How-
ever, if exact repetition rate tuning is required, the free-space fiber lasers provide a good

solution. More details on external cavity fiber lasers can be found in Section 3.3.
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Figure 2-38: EDFL with an external free-space section. (a) Optical spectrum centered at
1556 nm with 5.9 nm 3-dB bandwidth and (b) a repetition rate of 1.26 GHz.

2.5 Applications

The development of the butt-coupled 1 GHz laser with good optical performance metrics
fueled the demonstration of two enabling technologies in our group: a 1 GHz frequency

comb at 1550 nm and a photonic sampling system.

2.5.1 1GHz Er-doped Self-Referenced Frequency Comb

For carrier-envelope offset (CEO) control by 1f-2f self-referencing techniques, the respective
1f and 2f frequencies have to feature significant optical power within a generated super-
continuum spectrum. To employ highly nonlinear fiber, pulse energies in the nJ regime
are generally required, which at repetition rates of 1 GHz translates into average powers
at the W level. Thus, key developments by David Chao comprised of a Raman ampli-
fier so that in successive amplifier and compressor stages an average power greater than
2W, corresponding to a 2nJ pulse energy, was achieved. This allowed the generation of
an octave-spanning supercontinuum in a short section of highly-nonlinear-fiber, spanning
wavelengths from 1 gm to 2.4 um. The carrier envelope offset frequency f.e, beat was locked
to stable microwave reference oscillators, yielding the first octave-spanning self-referenced
optical frequency comb that was centered at the 1.55 pym telecommunication band and that
operated with a GHz repetition rate [86, 87]. Such a self-stabilized frequency comb, which
can be externally multiplied to higher repetition rates, provided a significant milestone in

the OAWG project towards a phase-stabilized oscillator at multi-GHz repetition rates.
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2.5.2 Photonic Sampling System

To implement photonic ADC systems, low-timing jitter GHz femtosecond sources for high
resolution digitization are required. With the 1 GHz EDFL, an ADC consisting of discrete
components (cf. Fig.1-4), with 7.0 ENOB resolution for a 41 GHz signal was demonstrated.
In an integrated version, implemented in Si photonics, a 10 GHz signal was digitized with
3.5ENOB [30], emphasizing the future potential of photonic sampling systems from an

integrated photonics platform. For more details the reader is referred to [27].

2.6 Conclusion and Future Work

In this chapter, fundamentally mode-locked, GHz fiber laser systems were presented. 187 fs
short pulses, centered at 1573 nm for an output power of 28.8 mW were demonstrated.
Additional mode-locked states within the C-band were found by modifying the butt-coupling
state and fiber birefringence to tune the center wavelength of the optical spectrum.

The lack of a polarization discriminating element within the cavity induced the formation
of polarization rotating vector solitons. Adjustment of the fiber birefringence led to a po-
larization locked output pulse train, which was demonstrated also from a custom-machined
polarization mount. Thermal damage to the saturable absorber due to high residual pump
power and Q-switching in the laser was successfully minimized so that long-term stable
operation was achieved.

Mitigating Q-switching in the cavity and completely eliminating SBR damage, can po-
tentially be attained by careful design of the absorber layers and using cladding layers with
higher two-photon absorption (e.g. InP) which reduce Q-switching in the cavity. In addi-
tion, the individual mode-locked states can be explored further with respect to their noise
properties and timing jitter. One pathway forward for low timing-jitter sources could be
lower repetition rate stretched pulsed laser systems, since these latter systems were shown

to posses lower timing jitters [77].
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Chapter 3

External Repetition Rate

Multiplication with Interleavers

In Chapter 2, compact fundamentally mode-locked Er-doped fiber lasers based on com-
mercially available gain fibers were presented. However, as the repetition rate is limited
to around 1.5 GHz, external repetition rate multiplication methods are pursued to achieve
pulse trains with repetition rates in the multi-GHz regime. In this chapter, a novel planar
circuit interleaver is designed to generate a 10 GHz femtosecond pulse train. Characteriza-
tion of the interleaver chips and optical performance results are discussed in detail. This
chosen technology provides a robust and compact solution compared to alignment-sensitive

free-space approaches.

3.1 Motivation

Frequency combs have become an enabling technology for a vast range of applications.
Combs with wide frequency spacing - at repetition rates of 10 GHz or higher - exhibit
the advantage that their individual frequency lines can be accessed with current filter and
modulator technology to efficiently shape the frequency spectrum. Thus, high repetition

rate femtosecond oscillators are attractive for optical arbitrary waveform generation [19],
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high-resolution sampling and frequency metrology [12]. Furthermore, frequency combs have
successfully opened a pathway to improve the calibration accuracy of astronomical spectro-
graphs [20, 21, 22|. In order to detect extra-solar planets, changes in the radial velocity of
stars with extra-solar planets are measured by Doppler shifted starlight, as described in Sec-
tion 1.1.3. However, to utilize the precision of frequency combs, their comb teeth have to be
separated by at least 10 GHz or higher in order to be compatible with the operating regime
of existing spectrographs. Currently, fundamental frequency combs at lower repetition rates
are therefore externally filtered with Fabry-Perot cavities to obtain the desired multi GHz
spacing and to suppress the extraneous comb lines by ~ 25dB [21, 22]. However, any non-
uniform intensity distribution, like asymmetric amplitudes of the filtered side-modes in the
frequency comb, gets enhanced in any nonlinear broadening process used to obtain a wide-
band frequency comb. This leads to a center of gravity frequency shift that can result in
systematic wavelength offsets, limiting the detection resolution and distorting the absolute
stellar radial velocity values. Therefore, a long-term stable, wide-spaced frequency source
with high wavelength accuracy and good side-mode suppression is essential to identifying
planets beyond the resolving range of current state-of-the-art spectrographs.

Optical frequency combs can also be utilized to generate low-noise microwave signals
through optical frequency division [88, 89, 90]. By detecting the optical pulses with a wide-
bandwidth photodiode, an electric pulse train is generated, consisting of single tones at the
laser repetition rate and its harmonics up to the cut-off frequency of the detector. The phase-
coherence of the optical lines enables a RF signal train with good stability, low noise and high
spectral purity. After subsequent filtering of the desired RF frequency line, the obtained
microwave source can outperform current state-of-the-art low-phase microwave oscillators.
Diddams et al. [91] demonstrated an improvement in the shot-noise-limited signal-to-noise
performance of higher harmonic microwave signals by external optical filtering with a Fabry-
Perot cavity before detection on the photodiode. Thus, for the filtered 10 GHz signal, a
10 dB signal strength could be gained, compared to the 10" harmonic of the fundamental
1 GHz source. Instead of a Fabry-Perot cavity to filter the signal, which requires a high

finesse for sharp transmission peaks, interleavers based on Mach-Zehnder interferometers
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present an elegant alternative. These interleavers can be implemented in planar waveguide
circuits with a small and compact footprint. As such, they have distinct advantages over
free-space, alignment sensitive set-ups like Fabry-Perot cavities, since they offer long-term
reliability, robustness and easy portability.

Interleaver filters that are based on planar waveguide technology have consistently
evolved over the years, in particular for dense wavelength division multiplexed optical fiber
systems. To satisfy the growing demand for more information capacity, fiber coupled and
planar waveguide optical interleavers have been utilized to increase the channel spacing.
These interleaving filters were primarily designed for wide-bandwidth pass-bands by cas-
cading multiple stages and optimizing the coupling coefficient ratios at each individual in-
terleaver stage in order to achieve operating frequencies around 50-100 GHz [92, 93, 94, 95].
Good overviews over different interleaver implementations can be found in Cao [96] and
Kawachi [97], who outlines the various silica waveguide technology components. Waveguide
interleavers can be directly coupled to existing fiber platforms or integrated in the same
fabrication process with silicon photonics, thus providing a compact solution with robust
performance metrics. In addition, the waveguide chip fabrication is scalable. For this work,
technology elements of interleavers with thermal phase shifters are combined to explore
coherent pulse interleaving. By cascading several interleaver stages, higher multiples of the
initial repetition rate are achieved.

To realize optical time division multiplexing systems with transmission speeds above
1Thit/s, femtosecond pulses can be used in combination with different fiber based tech-
niques [98]. Recently, Nakazawa demonstrated a 32-times interleaved femtosecond-pulse
system for 2.56 Tbit/s/ch polarization multiplexed transmission with reduced polarization-
mode dispersion impairments in a differential quadrature phase-shift keying configuration
[99]. For these applications, the pulses have to arrive within given time slots, however,
the frequency response in the optical domain is of secondary nature and is not necessar-
ily optimized for a high side-mode suppression. For frequency comb applications, exact
timings and phase-coherency are crucial to obtain a clean frequency comb with good side-

mode suppression. Thus, planar waveguide interleavers for coherent pulse interleaving of
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femtosecond pulses, where the phase-coherent property of the pulses is maintained, will be
studied. An integrated waveguide system consisting of a 500 MHz waveguide laser that was
combined with a two-stage interleaver to produce a 2 GHz fs-pulse output train was previ-
ously demonstrated [100]. However, the maximum RF side-mode suppression was limited
to 15dB due to fabrication tolerances in the coupling ratios.

In the following, a hybrid system of an Er-doped fiber laser combined with silica wave-
guide interleavers is presented. The goal of this research is to demonstrate that an integrated
waveguide device can be utilized for coherent pulse interleaving at 1550 nm and for scaling
the repetition rate to 10 GHz. The interleavers are designed specifically to incorporate a
thermal tuning mechanism so that fabrication tolerances that otherwise limit the side-mode
suppression can be compensated. Combining the recent progress in mode-locked fiber lasers
[101, 102, 103] with waveguide interleavers enables the repetition rate of a fundamentally
mode-locked femtosecond laser to be reliably scaled by a factor of 16. At the same time, a
good side-mode suppression of at least 30dB is achieved and a compact footprint and ro-
bust system to obtain a 10 GHz coherent pulse train is demonstrated. The following results
underline the promising potential of this technology for various applications in science and

engineering.

3.2 Interleaver Design

In this section, design considerations to obtain multi-GHz-spaced frequency lines in a wave-

guide interleaver are discussed.

3.2.1 10 GHz Pulse Train Interleaver Parameters

The operating schematic for waveguide interleavers, implemented in planar waveguide tech-
nology, is illustrated in Fig.3-1. In each interleaver stage, the input signal is divided by
a directional coupler into two pulse trains, one of which experiences a differential delay
T = ﬁ of half the initial pulse train spacing Tr = 1/ frep, before both waveguide arms

are re-combined. By incorporating two interleavers with the respective delay line lengths
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Figure 3-1: Schematic of a two-stage interleaver to quadruple the input repetition rate.

dy = ¢/(n-m) and dé = di/2 (with ¢ the speed of light and n the refractive index) on
the same interleaver chip, the input repetition rate is quadrupled on each chip. This first
interleaver chip, consisting of a 2-stage interleaver, is cascaded with a second interleaver
chip, featuring another 2-stage interleaver with respective delay line lengths of d3 = d,/4
and dy = d;/8 (for exact lengths see Table 3.1). Thus, in four interleaver stages on two

chips, the repetition rate can be multiplied by a factor of 16.

I Description N Parameter \ Length }
Input repetition rate Jrep.in 625 MHz
Delay line length stage 1 dy 16 cm
Delay line length stage 2 do Scm
Output repetition rate frep,out 2.5 GHz
Input repetition rate Srep,in 2.5GHz
Delay line length stage 1 ds 4cm
Delay line length stage 2 dy 2cm
Output repetition rate Srep,out 10 GHz

Table 3.1: Design parameters for the four interleavers to obtain a repetition rate multipli-
cation by a factor of 16.

The output field E; of the first interleaver stage can be mathematically expressed in
terms of the incoming electric field Ey, a power coupling coefficient of ¢; for the first

directional coupler at the input in Fig. 3-1 and of ¢ for the directional coupler at the end
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of the first interleaver stage, as described in Eq. 3.1.

E1 = 4y/C1 - Cg - E()+ \/(1—01) . (1—(22) . exp(—j27r7-1f) . E() (3.1)
I, =E - E}

= [clcz +(1—c1) - (1—e2) +2Veica-(1—cy)- (1—ep) - cos(27r71f)] - E? (3.2

In Eq.3.2, I; denotes the intensity at the output of the first interleaver stage, and f
represents the frequencies in the RF domain. For a time delay of 71 = 7/}r_w’ the resulting

output frequencies are maximized if the arguments of the cosine correspond to a multiple

of 27:
Ap =271 f =m2m,

with m being an integer. Thus, multiples of the repetition rate frep at

f = 2mfrep

are maximized, while frequencies at

f=2(m+1) frep

are filtered out: The output power is proportional to a cosine curve depending on the

accumulated phase shift A¢ which doubles the input repetition rate for specific values of f.

3.2.2 Modeling of Femtosecond Pulse Interleaver

The goal of the designed interleaver system is to generate a clean frequency response with
a high side-mode suppression in the optical domain. Therefore, as a first step, detailed
modeling was conducted to understand the impact of various parameters on the side-mode
suppression.

In Fig.3-2(a), the optical transmission of a two-stage interleaver from 625MHz to

2.5 GHz was modeled as the blue continuous curve (normalized to the maximum transmis-
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sion). In an ideal system, the frequency lines exactly coincide with the peaks and valleys
of the transmission curve, resulting in an extremely high suppression. However, in any real
system, dispersion (modeled here with an anomalous waveguide dispersion D = —5 fs?/mm)
limits the overall achievable filter response, as illustrated in Fig.3-2 (a). In order to relate
the transmission curve (blue curve) to the expected optical suppression for a femtosecond
pulse train, red dots mark multiples of the repetition rate at 625 MHz. The waveguide
dispersion shifted the optical transmission curve slightly towards longer wavelengths since
the time delay accumulated in the delay lines got modified by group delay dispersion. Thus,
over a given wavelength interval (a wavelength range of 80 pm corresponds to 10GHz), a
walk-off between the frequency lines and the minima in the transmission curve occurred,
reducing the side-mode suppression. For a one-stage interleaver from 625 MHz to 1.25 GHz
(625 MHz correspond to a wavelength spacing of 5 pm), the impact of waveguide dispersion
for the maximum and minimum values at harmonics of the repetition rate (in this case of
623 MHz) is plotted in Fig. 3-2 (b). The side-mode suppression in Fig. 3-2 (b) decreases with
increasing wavelength offsets from 1560 nm due to group delay: Over a large bandwidth the
filter notches and frequency lines eventually became significantly misaligned. This process
is periodic in wavelength and, in this particular case, a good suppression was reached again
within an 8 nm interval. As the dispersion accumulated in subsequent stages is smaller due
to the shorter delay line lengths in the interleaver arms, the first interleaver stage contributes
the limiting effect in such a configuration.

So far, ideal coupling ratios for the directional couplers were assumed in the analysis.
However, the coupling ‘efﬁciency depends on the effective coupler length and the gap between
the two waveguide arms, which is fabrication sensitive. Thus, deviations from the ideal
50 %-50 % splitting ratio by at least +5% have to be considered. For a coupling ratio
of 60%-40% in all directional couplers, the side-mode suppression degrades further and
becomes limited by the coupling coefficient offsets, as marked by the black stars in Fig.3-
2 (a).

Aside from fabrication tolerances impacting the coupling ratio, also length offsets in

the fabricated delay line lengths have to be taken into account. Such offsets modify the
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Figure 3-2: (a) Modeled transmission of two-stage interleaver from 625 MHz to 2.5 GHz with
red dots/black stars marking multiples of the repetition rate at 625 MHz. (b) Limited side-
mode suppression for one-stage interleaver due to waveguide dispersion (D = —5 fs? /mm).

accumulated phase shift A¢ in Eq.3.2, which can be expressed in terms of an additional
time delay A7 or a corresponding delay line length offset AL:
_2m

Ap =2r(n+AT)f = N (d1 + AL) (3.3)

Fig. 3-3 shows the transmission for the two-stage interleaver, including anomalous wave-
guide dispersion of D = —5 fs? /mm, offsets in the coupling coefficients of around +2-3%
and a delay line length offset of 0.01-A. In Fig.3-3(a), both interleaver delay lines are
characterized by a ~ 15.5 nm physical length deviation, whereas in Fig. 3-3 (b) the first and
second interleavers are implemented with a 0.01 - A and 0.005 - A offset, respectively. These
additional phase shifts that are accumulated in the longer delay line length arm degrade
the phase-coherence of the output pulse train. Thus, to compensate for such deviations it

is crucial to have some post-processing tuning mechanism.

However, the limiting effects of anomalous waveguide dispersion, coupling offsets and
length tolerances can be slightly compensated for by optimizing the repetition rate with
respect to the interleaver response. In Fig.3-4, the optical transmission, including off-

sets in the coupling ratio of +2-3%, dispersion, and delay line lengths deviations of
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Figure 3-3: Two-stage interleaver with delay line length offsets of (a) 0.01 - A in both inter-
leavers and (b) 0.01- X and 0.005- X for the first and second stage, respectively. The dots
mark multiples of the repetition rate at 625 MHz.

0.004 A =6.24nm (corresponding to an additional time delay of 6.4 ps) for a repetition rate
of (a) 625 MHz and (b) 622 MHz is shown. Assuming that a mechanism to compensate for
larger fabrication tolerances is incorporated in the final interleaver design, only a smaller
residual offset in the delay line lengths, which is representative of the uncompensated length
offsets, is assumed. The walk-off between the harmonics of the repetition rate and the inter-
leaver filter can be compensated for by adjusting the repetition rate to slightly lower values.

This further optimizes the side-mode suppression, even in the presence of remaining length

deviations.

—_
Y]

) o

—_

=2
-~
O..

Transmission (dB)
) & f
o
Transmission (dB)
o )
o

) 25 5 75 10 0 25 5 75 10
Frequency (GHz) Frequency (GHz)

Figure 3-4: Two-stage interleaver transmission for delay line length offsets of 0.004 A for a
(a) 625 MHz repetition rate, and (b) 622 MHz repetition rate.

Numerical evaluations in the time domain revealed that temporal broadening due to
group velocity dispersion of the pulses themselves can be neglected. For a FWHM pulse du-

ration of 420 fs, the total accumulated dispersion in the 4-stage interleaver system amounted
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to —1500fs? (based on the measured waveguide dispersion of —5fs?/mm). This induced a
negligible total dispersive phase shift of ~0.02rad. Theoretical modeling confirmed that
no significant pulse stretching occurred (<0.5% in pulse duration). Moreover, for the con-
sidered frequency comb applications, the absolute pulse duration itself is only of secondary

nature, as long as the desired spectral bandwidth is covered.

3.2.3 Implementation of Phase-Coherent Pulse Interleaver

The detailed analysis in the previous section emphasized the importance of post-fabrication
tuning mechanisms in order to match the repetition rate with the interleaver filter spac-
ing. Moreover, in order to obtain phase-coherent output pulses with a high side-mode
suppression ratio, the absolute positions of the frequency lines have to coincide with the
filter notches, requiring an ‘interferometric’/coherent pulse interleaving process. Fig.3-5
illustrates the developed solution: Tuning mechanisms to compensate for any fabrication
tolerances were implemented so that the delay lines could be tuned to the desired length
by thermal heaters. Therefore, heaters were included on top of each interleaver delay line.
In order to achieve exact phase delays and an effective 50/50 splitting ratio, an additional
Mach-Zehnder interferometer with a thermally tunable waveguide section of L ~ 2mm was
included for each stage. For a thermal expansion coefficient « in glass/silica of 8.5 ppm/K,
a phase shift of 7, corresponding to an optical length change of AL:ﬁ =527nm (with
n=1.47) can be expected for the following temperature change of AT of the waveguide
AL A/2n

: A = = = 10 . i i ~ h‘f
core: AT 7 85-10-5. 9mm 31°C. The induced relative phase-shifts by

thermal tuning of the heaters on the Mach-Zehnder interferometers with up to 50 mW of

applied heater power counterbalanced nominal deviations of + 5% from 50% in the coupling

ratio.

3.2.4 Modeling of Phase-Coherent Interleaver

The phase-coherent interleaver response was modeled based on Eq. 3.1, by including an ad-

ditional Mach-Zehnder interferometer stage for fine-tuning of the phase. Fig. 3-6 denotes the
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Figure 3-5: Design of thermally tunable interleaver with on-chip heaters to tune the coupling
ratio and the delay line lengths.
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Figure 3-6: Schematic for interleaver modeling with power coupling coefficients ¢; and
temporal delays t; and 7; accumulated for the individual electric fields.

power coupling coefficients ¢y, ¢2, ¢3 and temporal delay 7, for the differential delay line. The
first Mach-Zehnder stage with a length of ~2mm in both arms was modeled by #; and ¢5 so
that the impact of thermal tuning on each waveguide arm was independently controlled. Ex-
perimentally, heaters on the delay line and opposite waveguide arm were necessary to induce
relative offsets. However, for the modeling, these differential offsets (of positive and negative
value) were lumped into 71. Waveguide dispersion (with D = —5fs?/mm as measured) was
incorporated for the long delay line arm. Dispersive effects were assumed negligible for all
other waveguide sections since their lengths were significantly shorter (L ~ 2 mm compared

to d; =16 cm).

In Eq.3.4 and Eq.3.5, E; and Ejy describe the electric field at the output of the
additional Mach-Zehnder interferometer. The electric fields E; and Ea9 in Egs. 3.6 and 3.7
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describe the output of the first interleaver stage.

Ein=yeci - Ey+vV(1—c)-(1—c) - exp[—j2n-t;-f] - Ep (3.4)

E12:j N C1 o (1—02) -E0+j N \/(1—61) - Co exp[—j27r~t2-f] . E() (35)

In these equations, the constant dispersive phase that was imparted by the optical carrier
frequency fo = 193.5 THz was extracted since it added the same linear phase offset to both
pulse trains. By varying the coupling coefficients, the delay offsets in the waveguides and
the input repetition rate, this model provided better understanding of the experimental
results. This framework formed the theoretical background for all of the simulations that

are presented in this Chapter.

En=—cs - exp[—j2m-m-f — jBR2n(f + fo)* + jB 27 f)?] - En
+j-Vli—c3- Ep (3.6)
Ex=j-vV1—c3-exp[-j2m-m-f — jBRx(f+ fo)+ jB(27 fo)?] - En
— /3 - Eip (3.7)

3.2.5 Fabrication Details

In order to obtain low loss and low dispersion waveguides around 1550 nm, passive Ge-
doped 4 pmx 4 pum silica waveguides with a 10 ym silicon oxide cladding were fabricated by
CyOptics, Inc., on a silicon wafer substrate. The high index contrast of 1.5% allowed tighter
bending radii (> 1-2mm) for the waveguide without introducing significant mode losses.
A folded design layout was pursued to obtain a compact chip, in particular of interest for
the interleaver stages with longer delay lines (d; = 16 cm for the first interleaver stage from
625 MHz to 1.25 GHz). Two interleaver stages were integrated on each chip with a footprint
of 19.4mm x 10.5mm. To multiply the repetition rate by a factor of 16 from 625 MHz to
10 GHz, four interleaver stages were designed and fabricated on two different interleaver

chips.
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Figure 3-7: Layout of interleaver chip with a grid of 1 mm, adapted from CyOptics. The
heaters are color-coded in light blue, the heater metalization in purple and the waveguides
in orange/red. The numbering was introduced for later reference to specific heaters or input
channels.

The actual chip layout is shown in Fig. 3-7 and illustrates the waveguides and the position
of eight Cr heaters per chip and metalization. The cross-section of the waveguide chip
consists of Ge-doped waveguide cores embedded in a 10 pum silicon dioxide cladding with a
100 nm thick Ti ‘glue’ layer on top. A 200 nm thick Pt barrier layer was deposited beneath

the 100 nm thick Cr heaters. The metal contacts on top of the heaters consisted of Au.

In order to minimize coupling losses to a permanently attached fiber array with regular
SMF-28e fiber, mode-converters tapered the mode size from waveguide dimensions of 4 ym
X 4pm to 7pm x 7pum. The waveguide input/output facets were polished at an angle of
8° to minimize possible back-reflections. As the mode size was matched well to regular
SMF-28e fiber, direct coupling from the interleaver to a permanently attached fiber array

(six input fibers with a pitch of 250 yum) resulted in a good coupling efficiency.

The interleaver chips were attached with thermally conductive silver paste to a special
copper mount. The heater connection pads were gold wire-bonded to the fingers of a
custom-designed printed circuit board (PCB, initial layout by Marcus Dahlem) so that
each heater could be individually controlled through a digital-to-analog converter board
(DAC). Gold wire-bonding with 1 mil diameter wire resulted in around 160 gm pitches on
the metal heater pads. As the wire was mechanically broken by ultrasonic vibrations, the

starting point of the wire-bonding was crucial: Since the PCB was slightly elevated with
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respect to the interleaver chips on the engineered mount, wire-bonding from a lower point
to a higher target was favored. Thus, the first bond pad connection was made on the heater
pads and was then run to the respective finger on the printed circuit board. A picture of the
two mounted interleaver chips is shown in Fig. 3-8. Unfortunately, on the second interleaver
chip, wire-bonds lifted off, so that electrical contact to only five out of eight heaters could

be established (heaters 5, 6, and 8 were not connected).

Figure 3-8: Photograph of interleaver chip with dimensions of 19.4mmx 10.5mm. For
the wire-bonded interleaver chips the upper interleaver multiplies the repetition rate from
625 MHz to 2.5 GHz, while the bottom one quadruples it to 10 GHz.

The wire-bond connections between the heater pads and the PCB fingers featured resis-
tances mostly around 300£. With a digital-to-analog converter board, a constant voltage
source was adjusted accordingly so that each heater could be individually addressed with a
maximum electric power of 50 mW. For higher electrical powers, an external voltage source

was utilized.

3.3 Experimental Set-Up: Er-doped Fiber Laser at 625 MHz

For this interleaver design, the interleaver was intentionally de-coupled from the waveguide
chip so that the overall yield could be improved by selecting the most efficient interleaver
chip and combining it with an optimized available laser source. A fiber laser configuration

was chosen to supply a repetition rate tunable femtosecond laser source: A soliton mode-
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locked fiber laser served as the input source to the waveguide interleaver chip, see Fig. 3-9.
The linear fiber laser cavity consisted of 12.5 cm long Er-doped gain fiber (Liekki Er80-8/125
with anomalous dispersion of —201fs?/mm) that was imaged onto an in-house fabricated
semiconductor saturable Bragg reflector (VA8 PRC and VA148 PRC) 101, 102, 103]. For
details on the saturable absorber, the reader is referred to Chapter 2.2 or Chapter 5. The
gain fiber end that faced the free-space section was polished and epoxied into a FC/APC
connector to minimize any back-reflections which could otherwise counteract the mode-
locking. The collimated fiber output (Thorlabs F240APC-1550) was focused on the SBR
by an aspheric lens (Thorlabs A240TM-C or C240TM-C). Both lenses featured a focal
length of 8 mm so that the beam diameter (~ 8 pm) at the fiber output was imaged directly
onto the SBR. The other end of the gain fiber was butt-coupled to a FC/PC ferrule in a
mating sleeve to provide 10 % output coupling. To mitigate any polarization rotation of the
output pulses (compare Chapter 2.3.3), a thin-film polarizer in the free-space section served
as a polarization discriminating element that ensured a certain intracavity polarization and
thus suppressed the periodic polarization rotation of vector solitons [60]. The experimental

set-up is shown in Fig. 3-9.
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Figure 3-9: Experimental set-up, consisting of a free-space, repetition rate tunable 625 MHz
EDFL, amplifiers and the waveguide interleavers.

The choice of a thin-film polarizer in terms of insertion losses, thickness and AR coating
was critical as the polarizer was used as an intracavity element. A commercially available
LP NIR polarizer from Thorlabs was tested but the single-pass transmission of 85.5 % for the

wavelength region of interest introduced too high intracavity losses and prevented mode-
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locking. A custom-ordered thin-film polarizer (dimensions of 3mmx3mm and 0.5mm
thickness) exhibited a higher measured transmission of 98.5%. The polarizer (inset of
Fig.3-10) was glued to a half inch diameter ring and mounted such that the rotation could
be adjusted to the preferred polarization to minimize intracavity losses, cf. Fig.3-10. In
Fig.3-11 the polarizer was affixed so that the center of the polarizer was automatically
self-aligned to the focusing lens. This configuration allowed tuning of the repetition rate
over a larger range. After insertion of the polarizer, the intracavity power was reduced by

~10%, which resulted in the stable mode-locking results shown in the following.

Polarizer
Mount

Figure 3-10: Photograph of 625 MHz EDFL. The inset shows the thin-film polarizer with
3mm x 3mm dimensions, glued to a 1/2 inch diameter holder. The custom-machined po-
larizer mount allows rotation of the polarizer to the desired angle.
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Figure 3-11: Compact mounting of the polarizer in the EDFL cavity.
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The modular approach with an Er-doped fiber laser source provided the distinct advan-
tage that the repetition rate, input polarization and pulse duration could be adjusted to best
match the operation of the interleaver filters. The pulses were amplified using two isolated
stages of Er-doped amplifiers (EDFA), which were optimized in their design for maximum
gain and minimum amplified spontaneous emission. The amplifiers incorporated Er-doped
normal dispersion gain sections of 55 cm and 48 cm (Liekki Er110-4/125 gain fiber). They
were pumped in a counter-propagating scheme with launched pump powers of 500 mW and
400 mW. The spectral characteristics of the first amplifier at pump powers of 500 mW,
370mW and 270 mW (corresponding to 1100 mA, 800 mA and 600mA of pump current)
are shown in Fig. 3-12 for a cw input power of 840 uW from the tunable laser source that
was swept over the wavelength range of interest. By using a cut-back approach for the gain
fiber length, a uniform amplification over a broad bandwidth and maximum power around
1560 nm was achieved.

With an external fiber polarization control unit, the input polarization into each inter-
leaver chip was optimized to the preferred waveguide mode (cf. Fig.3-9 for the set-up).
Parts of the system, which were encapsulated in an enclosure in order to reduce the sen-
sitivity to environmental perturbations, are shown in Fig.3-13. The pump diodes and the
second amplifier were placed outside the enclosure. The free-space section in the fiber laser
cavity allowed tuning of the laser repetition rate around 625 MHz so that the laser frequency
lines could be matched to the interleaver filter response and the device performance could
be optimized. Further fine-adjustments to the optical transmission function were made

afterwards by thermal tuning of the delay lines.

3.4 Characterization

3.4.1 Optical Characterization

The Er-doped fiber laser could be mode-locked over a range of repetition rates (a 2mm
path length change in air induced a 5 MHz shift), with the region of interest being between
620 MHz and 630 MHz. For the following results, the laser was stably mode-locked at a
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Figure 3-12: Amplification of the first amplifier stage for 840 uW of signal power for
launched pump powers of 500 mW, 370 mW and 270 mW (corresponding to pump currents
of 1100 mA, 800 mA and 600 mA, respectively).

fundamental repetition rate of 624.5 MHz, since this repetition rate proved to result in opti-
mized performance. An output power of 4.6 mW was obtained for 420 mW of coupled pump
power from two polarization-combined pump diodes. The optical spectrum of the Er-doped
fiber laser, shown in Fig.3-14 (a), featured a 3-dB bandwidth of 6.1 nm. For soliton propa-
gation in the form of sech-shaped pulses, this optical bandwidth corresponded to transform
limited pulses of 420 fs in duration. The laser output, after passing through a 1550 nm iso-
lator, was amplified in two isolated Er-doped amplifier stages from 3 mW to 82mW before
being coupled into the waveguide chips. In both amplifiers, gain narrowing and spectral
shaping due to nonlinearities and self-phase modulation could be observed. This resulted
in additional spectral side-lobes, as seen in Fig.3-14 (a) (dotted gray line). The second
amplifier stage limited the optical bandwidth further so that the output spectrum of the
interleaver featured only a ~ 4 nm 3-dB bandwidth, cf. Fig.3-14 (a) (red line). Nonetheless,
pre-amplification was favorable as opposed to post-amplification of the interleaver output
pulse train; otherwise the side-band suppression got distorted due to the subsequent four-
wave mixing and nonlinear amplification (see Section 3.4.3 for details). The optical modes
with a spacing of ~0.08nm in the interleaver output spectrum, as shown in Fig. 3-14 (b),

had only limited contrast due to the 0.1 nm resolution of the optical spectrum analyzer
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Figure 3-13: Photograph of parts of the interleaver system which are encased in an enclosure
(not shown): 625 MHz fiber laser, the first amplifier and the encapsulated interleaver chips.
The second amplifier, pump diodes and the thermal tuning set-up were outside the box
which served to stabilize the laser against air currents.

used. Though not fully resolved, these optical modes were evidence of the phase-coherence
of the 10 GHz output pulse train. The time-domain oscilloscope traces of the laser out-
put in Fig. 3-14 (¢) and the two-stage interleaver output at 2.5 GHz in Fig. 3-14 (d) verified
the good signal stability. The pre- and post-pulses in Fig.3-14 (d) could be attributed to

detector ringing, and ghost images were likely caused by cable artifacts.

The Ge-doped silica waveguides were low-loss (around 0.01 dB/cm waveguide propa-
gation losses), which resulted in a propagation loss of 0.3dB for the longest arm in the
four-stage interleaver. Interleaver losses of 3 dB due to power division into the two arms
were encountered in every stage, resulting in a minimum expected loss of 12dB for the four-
stage interleaver. With standard coupling losses of 1.5dB between the chip and fiber array,
theoretically expected losses for the overall wavegnide system amounted to approximately
18dB. However, the 10 GHz interleaver output signal with ~ 150 uW of output power (for

82 mW input power), indicated that additional losses in the interleaver system were in total
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Figure 3-14: (a) Optical spectrum of the laser output with 6.1 nm 3-dB bandwidth (blue
line); output after the first Er-doped fiber amplifier (EDFA) (dotted gray line) and output
from the 10 GHz interleaver with ~ 4 nm FWHM bandwidth (red line). (b) Optical spectrum
of the four-stage interleaver output; the optical modes corresponding to 10 GHz line spacing
are barely resolved by the 0.1 nm resolution of the optical spectrum analyzer used. (c) Time-
domain oscilloscope trace of the laser output shows pulse train spacing corresponding to
~ 625 MHz repetition rate. (d) Time-domain oscilloscope trace of the two-stage interleaver
output at 2.5 GHz.
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around 27 dB. Optical time domain reflectometry measurements established the occurrence
of high front-end reflections. Thus, these excess losses of 9dB were partially attributed
to high input facet and surface scattering losses, polarization coupling losses, and inherent

waveguide losses augmented for pulsed operation in this initial waveguide fabrication run.

3.4.2 Optical Transmission

In order to characterize the interleaver chips and their performance independently from the
fiber laser pulses, the optical transmission of each individual interleaver stage was mea-
sured with a tunable, continuous wave (cw) laser. That way, the linear chip losses and the
expected suppression levels could be determined. A tunable, high precision laser source
(TLS, Agilent 81640A, 2mW output power) was swept with 0.1 pm step size resolution
over different wavelength ranges. For each measurement, the input polarization of the TLS
into the interleaver and its thermal tuning state were adjusted. In the following, results
centered at 1560 nm are presented. For the first interleaver stage from 625 MHz to 1.25 GHz
(corresponding to 10 pm of wavelength spacing at 1550 nm), the measured maximum sup-

pression for the optical transmission with thermal tuning was at least 27.3dB, as shown in

Fig. 3-15 (a).
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Figure 3-15: Optical transmission measurements of (a) first interleaver stage at 1.25 GHz
with thermal tuning and (b) two cascaded interleaver stages at 2.5 GHz.
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However, these results were highly polarization sensitive and depended explicitly on the
applied heater power due to additionally introduced waveguide birefringence and subsequent
polarization conversion with thermal tuning. Given the different degrees of freedom in
the system, optimizing the input polarization sufficiently at the filter minima (down to
—35dBm) so that only one waveguide polarization was guided proved challenging. Thus,
by monitoring the power at one input wavelength, the thermal tuning and polarization were
adjusted until a state close to a local minimum was found. However, with only one single
point for feedback, the global system minimum did not necessarily have to coincide with
the optimized state. By taking multiple measurements at different initial polarizations and
optimizing the thermal tuning in each wavelength regime, the risk of missing a state with
better suppression was reduced, at the expense of increasing the number of measurements.

Simulations of the transmission characteristics indicated that even with small deviations
in the coupling ratio, an optical suppression better than 26.5 dB for the first interleaver stage
should be attainable. At the same time, it was inferred from the modeling that a source
resolution and stability better than 0.2 pm was required to measure optical suppression
levels beyond 30 dB for the first interleaver stage, which featured the narrowest dips of all the
interleaver stages. Therefore, due to TLS wavelength jitter and superimposed polarization
states, the actual depth of the notches in the optical transmission might not have been fully
detected. Fig.3-15(b) depicts the optical transmission for two interleaver stages without
thermal tuning. Maximum suppression levels of 34.2dB were recorded. In this particular
state, the maximum optical suppression obtained from the first interleaver was measured to
be 21.8dB. In addition, the measurement confirmed high excess losses, also in cw operation,
for the waveguide chips.

The impact of small polarization changes on the transmission characteristics is visible in
Fig. 3-16, which shows the measured optical transmission curves for the cascaded first two
interleaver stages at 2.5 GHz. For slight variations in the input polarization, the shape of the
side-lobes was modified and the maximum suppression was reduced by at least 6 dB. There-
fore, optimization of the input polarization proved critical to achieve optimized suppression

levels.
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Figure 3-16: Variation in optical transmission plot depending on the input polarization. In
this case, only slight adjustments to the polarization state were made in between measure-
ments.

Due to the lack of a polarization discriminating element and because of the multi-mode
waveguide character, the interleaver supported both TE and TM polarizations simulta-
neously, as shown in Fig.3-17. Hence, for the second interleaver stage, from 1.25 GHz to
2.5 GHz, the cw transmission through the interleaver for each polarization was measured.
Either the TE and TM output were selected by collimating the output into a free-space
section containing a polarizing beam splitter (PBS). For the given input polarization in
Fig. 3-17, which was maximized for the TE output power transmission, the phase shift
between the TE and TM modes could be attributed to inherent waveguide birefringence.
Thus, from Fig. 3-17, the overall birefringence could be estimated from the slightly differ-
ent periodicities recorded. For a 20.0 pm free-spectral range (FSR) for the TE mode and

19.9pm for the TM mode, the respective refractive indices were estimated according to
c

Afrg L’
7.6-10"2 was derived. Because the resolution of the tunable laser source was limited at

n = With npg=1.5210 and np)y; =1.5286 a birefringence value B =|An| =
0.1 pm, this birefringence value constituted an upper bound result. This value included
modal and geometrical birefringence but no thermally induced contribution. Therefore,
polarization optimization through external fiber polarization control units was crucial to

match the polarization to the best supported waveguide mode.
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Figure 3-17: Polarization dependence of interleaver (transmission was maximized for TE
output) which shows simultaneous propagation of TE and TM modes.
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Figure 3-18: Optical transmission for one-stage interleaver (channel 1 to 3) for various

heater powers in order to tune the coupling ratio (with heater h5).

By thermal tuning, additional phase shifts were introduced, as illustrated in Fig. 3-
18. Here, the applied power to a heater, affecting the coupling ratio (h5), was varied
up to 50mW while the input polarization for the first stage interleaver from 625 MHz
to 1.25 GHz remained constant. For applied heater powers of 0 mW, 20 mW, 40 mW and
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50 mW, as denoted in Fig. 3-18, the suppression increased from 14.8dB, to 16.7dB, 18.4dB,
to a maximum of 18.9dB, respectively. At the same time, phase shifts were introduced.

If a maximum phase shift up to 7 was assumed as an upper limit (corresponding to

A 500n
— = 500nm), a minimum birefringence due to thermal tuning of Bipermal = et
2n Ldetay
500 nm

= 3.125107° could be estimated.

16 em
However, from the measurement in Fig. 3-18, only the remaining modulus of the phase

shift can be determined. As the phase shifts for the various applied heater powers increased

incrementally, it was assumed that no multiples of 27 had to be added to the overall phase.
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Figure 3-19: The impact of the different heaters on the optical transmission curve is mea-

sured in (a) for heaters adjusting the delay line lengths, (b) heaters affecting the coupling
ratio.

Fig. 3-19 demonstrates the tuning impact of the two different heaters types: Heaters
1 and 2 tuned the delay line length for the interleaver stage from 1.25 GHz to 2.5 GHz
(Channel 4 to 6), compare Fig.3-7. (Heaters 3 and 4 effectively tune the coupling ratios.)
Thus, in Fig.3-19 (a), the maximum suppression of 15.1dB hardly changed, but the filter
spacing increased from 8.2pm to 11.3 pm and additional phase shifts were introduced for
50 mW power applied to heater 2. Thermal tuning of heater 3, which adjusted the coupling
ratio by modifying the phase shifts in the Mach-Zehnder interferometer stage, increased the
suppression ratio to 20.5dB. This measurement implied that the filter spacing and coupling
ratio adjustment were not completely independently tunable from each other, as tuning of

heater 3 changed the periodicity to 8.4pm. Thus, a complex interplay between thermal
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tuning and polarization conversion due to birefringence is likely occurring. In particular,
for more interleaver stages, tuning of multiple heaters in parallel could lead to stronger
birefringence effects. As these measurements were taken to emphasize the heater dynamics,
the reported suppression levels do not necessarily reflect the maximum obtainable results.

The wavelength dependent coupling coefficients in the directional couplers determine
an optimized wavelength regime for the waveguide interleavers. In Fig. 3-20, the maximum
suppression from cw-transmission measurements for the 2-stage interleaver system from
625 MHz to 2.5 GHz is displayed, together with the periodicity of the interleaving filter
(20 pm spacing corresponds to 2.5 GHz). For the wavelength regime of interest around
1555 nm to 1565 nm, comparable suppression ratios around 33 dB were measured for the
same input polarization state into the interleaver chip. For wavelengths around 1545 nm,

the suppression was reduced to 25 dB.
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Figure 3-20: Suppression and periodicity of two-stage interleaver.

3.4.3 RF Characterization

The RF spectrum measurement provided an evaluation of the combined fiber and interleaver
system, whose performance metrics are of interest for low-noise microwave generation.

In order to optimize the system performance, the position of the EDFAs with respect
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to the interleaver output was varied: For the 2-stage interleaver, pre-amplification of the
pulses before coupling into the waveguide chip was compared with post-amplification as
sketched in Fig. 3-21. The RF performance for the two different configurations is displayed in
Fig. 3-22. Due to nonlinear amplification /four-wave mixing in the EDFA after interleaving,
more power was distributed to the harmonics with initially less power. The side-mode

suppression was thus reduced consistently by 3dB for all the corresponding lines beyond

(a) 625 MHz

Fiber Laser EDEA

(b) 625 MHz

Fiber Laser —| EDFA

— EDFA —

Figure 3-21: Schematic illustrating (a) pre-amplification and (b) post-amplification of in-
terleaver output.
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Figure 3-22: Comparison of (a) a pre-amplified 2.5 GHz output pulse train with (b) post-
amplified output pulses. The side-mode suppression was consistently reduced by 3dB for
the post-amplified signal.
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the initial fundamental frequency interval up to 2.5 GHz for the post-amplified pulse train.
In this particular configuration, the post-amplification EDFA was operated at only about
one fourth of the usual pump power (pump current of 120mA). This indicates that for full
pumping power this effect could be further enhanced. Thus, to minimize distortions in the
suppression of the side-modes, pre-amplification of the pulses in two isolated EDFAs before
coupling into the waveguide chips was preferred over amplification in between interleaver
stages or post-amplification at the final output.

The RF data, as illustrated in Fig.3-23, was taken for a fundamental repetition rate
of the fiber laser at 624.5 MHz, where the suppression was found to have been maximized.
The RF-domain interleaver output at a repetition rate of 2.5 GHz is presented in Fig. 3-
23 (a) and Fig.3-23(b). Without thermal tuning, the sub-harmonics were suppressed in
the RF domain by 14.3dB for the immediately adjacent side-bands, while the maximum
suppression amounted to 22.4dB. Significant improvement was achieved by thermal tun-
ing, as presented in Fig.3-23 (b). The maximum suppression increased to 55.8 dB for one
line, where the interleaver response and input frequency directly lined up in a transmission
minimum. Over the frequency span up to 12GHz, the side-mode suppression amounted to
at least 30.5dB. In the thermally tuned state, the side-mode suppression decreased with
higher harmonics, which can be partially explained by the limiting impact of wavelength
dependent coupling coefficient offsets and waveguide dispersion. As the RF signal is given
by the sum of the convoluted frequency lines, wavelengths at the edges of the optical spec-
trum could deteriorate the suppression, if the suppression of the individual lines was not
as optimized in those regions. The 2.5 GHz pulse train was then transmitted through the
second interleaver chip, which multiplied the repetition rate to 10 GHz. The initial RF
suppression around 15.4dB for the adjacent side-mode, as shown in Fig.3-23 (c), was sig-
nificantly enhanced in the thermally tuned system, as demonstrated in Fig.3-23 (d). Here,
a side-band suppression of 31.3dB was recorded. Due to the low output power from the
interleaver chips, the maximum side-mode suppression of 36.3 dB was limited by the detec-
tor noise floor. Therefore, the actual maximum suppression may have been greafer than

the measured value. For these measurements, the RF suppression was maximized by tun-
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Figure 3-23: RF spectrum: (a) Minimum suppression of 14.3dB for 2.5 GHz output without
thermal tuning. (b) Minimum suppression of 30.5dB for 2.5 GHz output with thermal
tuning. (¢) Minimum suppression of 15.6 dB for 10 GHz output without thermal tuning. (d)
Minimum suppression of 31.3dB for 10 GHz output with thermal tuning. All measurements
were recorded with a resolution bandwidth of 300 kHz.

ing of the heaters that primarily adjusted the coupling ratio. Thermal tuning of the delay
lines mostly influenced the optical suppression of each individual line, as discussed in the

following section.

3.4.4 Optical Heterodyne Beat

In order to confirm the phase-coherence of the interleaved pulses and to gain insight into
the achievable optical suppression, optical heterodyne beat measurements between the in-
terleaved pulse train and a narrow-linewidth tunable laser source were performed.

An optical heterodyne system, as shown in Fig.3-24 (a), was employed to determine

the optical suppression for the individual optical modes in a frequency comb, which is
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in particular of interest for frequency metrology applications: The interleaver output was
combined with a single frequency narrow-bandwidth line of a stable tunable laser whose
polarization was matched to the interleaver output with an external polarization control
unit. The signal was photo-detected by an InGaAs EOT ET-3500F detector. An electronic
signal analyzer was the preferred instrument of choice (over a RF power meter) to not only
record the amplitude but also the frequency position of the beat notes.

The measured heterodyne optical beat was determined by the respective electric field
strengths of the tunable laser source Errg and the interleaver Errg - Ery. Thus, the
detected beat note in the RF spectrum analyzer was proportional to the optical interleaver
power and the measured suppression corresponded directly to the optical suppression. As
the cw transmission measurements from Section 3.4.2 recorded the transmitted optical
power through the interleaver device, both measurements provide an independent evaluation
of the optical suppression.

In order to detect the heterodyne beat note, two variations of the measurement set-
up were pursued. In a first configuration, the photodetected signal was low-pass filtered
with a cut-off frequency at 450 MHz, as shown in Fig. 3-24 (a). The frequency line sketches
illustrate how for different wavelengths from the tunable laser source (as denoted by different
colors), different optical suppression values are measured. During each measurement, the
beat notes with two neighboring optical lines were captured, if the TLS wavelength output
was positioned accordingly. For the first interleaver stage, shown in Fig. 3-24 (b), a optical
suppression of 31dB was recorded at 1560 nm. However, even though the measurement
sensitivity of the instrument was optimized to the signal input power, the lower optical
beat note disappeared in the noise floor.

To obtain the optical suppression for subsequent lines and examine two or more cascaded
interleavers, multiple measurements were made while the tunable laser wavelength source
was swept over the desired wavelength range. In Fig. 3-24 (c), three such optical heterodyne
measurements for two cascaded interleaver stages were superimposed. The measurements
were each taken with 5 pm spacing (corresponding to the initial ~ 625 MHz repetition rate)

so that directly neighboring lines were resolved. The sketch of the frequency lines next to
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Figure 3-24: (a) Measurement set-up to detect the optical heterodyne beat for two cascaded
interleaver stages. Different colors (red, green) indicate two different wavelengths of the tu-
nable laser. (b) Measured optical suppression of 31 dB at 1560 nm for 1.25 GHz interleaver.
(¢) Optical suppression of 34.2dB around 1560 nm for 2.5 GHz interleaver. Three mea-
surements at different wavelengths are combined in one plot to obtain information about
the suppression over one free spectral range. The sketch of the frequency lines next to
the RF spectrum analyzer indicates the corresponding ordering of the frequency lines. All
measurements featured a resolution bandwidth of 300 kHz.
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Figure 3-25: Schematic of measurement set-up to record the optical suppression of multiple
lines simultaneously.

the RF spectrum analyzer Fig. 3-24 (a) indicates the corresponding ordering of the optical
lines. The best suppression amounted to 34.2dB for the immediate adjacent side-mode,
whereas the other two optical lines were suppressed by 22.5dB. With the chosen wave-
length spacings, the optical heterodyne beat corresponding to the previous measurement
was recorded again. As identical amplitudes for the same beat note were detected, the
consistency of the measurements was confirmed over the recorded interval. However, due
to the number of measurements required, this method was only suitable for an interleaver

analysis with few stages.

In order to maximize the optical suppression information that was collected within one
measurement, a second measurement configuration with a wide-band frequency approach
(similar to the configuration in Fig. 3-24(a) without the low-pass filter) was pursued, see
Fig.3-25. In this set-up, the beat notes between the single wavelength laser and all op-
tical interleaver lines were detected simultaneously. Results for the two-stage interleaver
at 2.5 GHz are shown in Fig. 3-26. The obtained suppression ratio varied between 25.2dB
and 29.9dB. In this particular state, the system was optimized by tuning the coupler and
delay line heaters for a symmetric suppression of the side-modes. This more uniform power

distribution was particularly attractive for astrocomb calibrations.

During each measurement the harmonics of the repetition rate lines (plotted in gray in
Fig.3-26) were detected together with the optical heterodyne beats (highlighted in red). As
the repetition rate signal and its harmonics were given by a convolution of all optical lines,

they possessed significantly more power (up to 25dBm). Thus, the sensitivity towards the
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Figure 3-26: Heterodyne beat measurement for thermally tuned 2.5 GHz interleaver. The
optical beat notes are denoted in red, the gray lines depict multiples of the initial repetition
rate.

low-power optical beat notes had to be reduced so that the higher power RF lines did not
to saturate the detector. This can partially explain the difference in maximum side-mode
suppression of 29.9dB as compared to the first measurement result of 34.2dB. In addition,
each state was highly dependent on the thermal tuning and input polarization, as discussed
previously. The good optical suppression over the measurement interval indicated that after
thermal tuning, the delay line lengths were well matched to the frequency comb lines, as
otherwise, the suppression would have significantly worsened with higher harmonics.

The optical suppression for subsequent stages could be evaluated with this measurement
set-up. When this measurement technique was applied to the 10 GHz interleaver stage,

suppression levels around 31 dB were recorded for individual lines.

3.5 Discussion

3.5.1 Drift of Free-Running Laser System

All characterizations in this chapter were performed with a free-running laser. The laser
was isolated from air current and environmental perturbations, by placing it in an enclosed
environment by itself and the overall set-up was encased in an additional box. In this

configuration, the repetition rate line was measured to fluctuate between 630.784,650 MHz
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and 630.784,425 MHz (resolution bandwidth of 10Hz) over a time interval of 10 minutes,
corresponding to a ~ 225 Hz relative drift, as shown in Fig.3-27. This corresponded to
a 68.5 MHz drift of the optical line. This value was considered small enough so that for
the duration of the measurement stable frequency lines could be assumed, because carrier-
envelope drifts were expected to be even smaller than repetition rate drifts. The optical
comb line of the mode-locked laser itself varied around 50 MHz over a time span of four
minutes.

However, drift from the tunable laser source was assumed to lead to slightly increased
deviations. Without any isolation from the environment (for an open box cover) the fre-
quency jitter increased by at least a factor of 5 to 280 MHz, as measured over a time span
of 3 minutes. Thus, with a repetition rate stabilized source (or with a fully stabilized fre-
quency comb), the frequency fluctuations are expected to be reduced so that the measured

optical side-mode suppression could be improved further.
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Figure 3-27: Drift of the free-running laser repetition rate by ~ 225 Hz over 10 minutes.

3.5.2 Double-Passing of Interleaver

Throughout this chapter, the suppression of each individual interleaver stage was found

to be limited by dispersion and the degree of compensation for fabrication tolerances. To
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improve the side-mode suppression, double-passing the same interleaver structure (cf. [104])
was studied, as illustrated in Fig. 3-28: The fiber-coupled output of the first interleaver stage
was butt-coupled to a silver mirror, which reflected the interleaved pulse train back into the
interleaver. This pulse train then propagated a second time through the identical interleaver
stage in the reverse direction, thus yielding ideally twice the single-stage suppression. A
50-50 coupler (with an isolator at the input port) or a fiber circulator separated the input
from the output pulse train.

The modeled cw-transmission for the first interleaver stage from 625 MHz to 1.25 GHz
(with ideal coupling coefficients and -5 fs?/mm of waveguide dispersion) is plotted in Fig. 3-
29. The suppression is doubled, e.g. as visible in the troughs from 63.4dB to 122.9dB. In
addition, for the double-passed interleaver the troughs are wider so that suppression levels
higher than 60dB are attained over a larger bandwidth of 36 MHz, as compared to the

single-pass transmission.

Interleaver Chip

A

Figure 3-28: The interleaver is double-passed by reflecting one output back into the chip
with a silver mirror. The 50-50 coupler was replaced by a circulator for some measurements.

RF measurements with and without thermal tuning of the coupling ratio heaters for
the first interleaver stage are plotted in Fig.3-30 for the case of (a) single-passing and
(b) double-passing the interleaver. While the suppression for the single-stage interleaver
amounted to 31 dB, the double-passed interleaver featured a suppression of at least 36 dB,
which was limited by the noise floor. The RF side-modes in Fig. 3-30 (b) appeared to have
been amplitude-modulated by ~ 5dB magnitude (without thermal tuning). This effect got
enhanced in the thermally tuned case, with at least 20 dB strength. Previously, in Fig. 3-
2 (b), offsets between the input frequencies and the filter response (due to dispersion and/or

delay line length offsets) resulted in a periodic amplitude modulation of the lower side-mode,
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Figure 3-29: Modeling of single-passing and double-passing the same interleaver stage from
625 MHz to 1.25 GHz, including waveguide dispersion and assuming ideal coupling ratios.

however, over a much larger wavelength scale. In double-passing the same interleaver, this
limiting effect seemed enhanced: Simulations of the double-passed interleaver with small
delay line length offsets of 0.01 A and 0.03 \ in Fig. 3-31 indicated that such offsets could
induce periodic amplitude modulations of the peaks and troughs in the interleaver response,
on the order of ~ 5 GHz.
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Figure 3-30: Single and double passing through the first interleaver stage with and without
thermal tuning.

However, since the RF trace consists of a convolution of all the optical lines across the

spectral bandwidth and phase offsets can add/decrease the contributions to the individual
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RF lines, this behavior does not directly correlate with the optical suppression. Thus, the
optical suppression was studied in more detail. In Fig.3-32 (a), the optical beat with a
cw laser at 1560 nm for the double-passed 1.25 GHz stage indicated that the suppression
amounted to at least 25dB. The heterodyne beat measurement notes were marked in blue,
while the harmonics of the repetition rate were denoted in gray. However, for an accurate
measurement, a better detection resolution was required to really evaluate by how much
the optical suppression of the double-pass improved compared to the single-pass through

the interleaver.

As the first interleaver stage proved to contribute the largest accumulated waveguide
dispersion and losses in the cascaded interleaver stage, a 1.25 GHz fiber laser was built.
With this input source, one could directly couple into the second interleaver stage. For this
purpose, a free-space, repetition rate tunable EDFL and a butt-coupled laser was developed,
as described in Section 2.4.2. Since the butt-coupled laser provided higher output power,
this oscillator was used as the preferred input source in order to study the double-passing
effect on the 2.5 GHz interleaver stage in more detail. Preliminary optical heterodyne beat
measurement results in Fig. 3-32 imply that suppression levels higher than 31.2dB could
be attained. As some of the integrated heaters were not functioning and one of the output
channels suddenly malfunctioned, more detailed studies require wire-bonding of another
interleaver chip. The simulations, combined with the preliminary measurements on double-
passing interleaver stages, indicate that this is a promising pathway to generate higher

side-mode suppression.
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Figure 3-31: Simulations of optical transmission for double-passing the first interleaver with
(a) delay line length offset of 0.01 A and (b) 0.03 A.
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Figure 3-32: Optical heterodyne beat (a) at 1560 nm for double-passed 1.25 GHz interleaver
and (b) at 1553 nm for double-passed 2.5 GHz interleaver. The gray lines mark multiples of
the repetition rate.

3.5.3 Summary and Future Work

Different performance metrics for thermally tunable planar waveguide interleavers were ana-
lyzed. The optical transmission measurements confirmed the expected device performance
and provided insight into how well the fabrication met the target design. It was extremely
beneficial to have such a verification that was independent of the fiber oscillator operation
and any challenges that came from adding complexity to the system. In addition, these
optical suppression values corresponded directly to those obtained with the optical hetero-
dyne measurement. While the maximum optical cw transmission suppression for the first
interleaver stage amounted to 26.5dB, the heterodyne beat measurement inferred a value
of at least 31dB (for complete summary, cf. Table 3.2). As discussed already in Section
3.4.2, for the first interleaver stage with narrow minima, the full depth of the notches might
not be fully detected due to the limited wavelength resolution and precision of the TLS.
The measurement might have further been limited by the single power feedback point that
was provided to optimize the input polarization and thermal tuning state. Thus, the cw
transmission did not necessarily indicate the maximum suppression levels achievable.
Although remaining slight offsets between the repetition rate line and the filter peri-
odicity could have influenced the recorded suppression levels attained from the heterodyne
measurements, the detection was limited by the low optical power in each line. However,
the optical beat measurements resulted in improved suppression levels for the first inter-

leaver stage. The variation between the two measurements could additionally be explained
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by different thermally tuned states. For subsequent stages at GHz operating frequencies,
the maximum measured optical suppression for the two cascaded interleaver stages from
the transmission and heterodyne beat measurements both independently verified equiva-
lent suppression levels. The maximum suppression was reported in one case as 34.2dB,
whereas, for another operating point, the optical suppression was measured to be 29.9 dB.
This underlined further how critical the thermal tuning was and how small offsets in the de-
lay lines could affect the optical suppression levels significantly. These measurement results

are summarized in Table 3.2.

The signal-to-noise ratio in the optical heterodyne beat measurements was fairly low:
The optical signal power usually varied between 150 uW and 2mW. This power was spread
over the whole optical bandwidth of ~30nm or 3.75 THz, which corresponded to around
6000 optical lines. Thus, with ~ 25nW of power in each optical line, the detection was
limited by the noise floor. In order to increase the power in each optical line, a slice of the
output spectrum can be filtered optically first. This signal of only a few nm bandwidth
could then be optically amplified. Although the nonlinear post-amplification might intro-
duce some distortions, such a measurement set-up is expected to result in a stronger beat
detection. With higher signal-to-noise performance, more accurate values for the actual op-
tical suppression should be received. By tilting the filter or using bandpass filters that are
centered at different parts of the spectrum, the optical suppression for different wavelength

regions can be explored as well.

The measured harmonics of the repetition rate in the RF spectrum were created by a

convolution of all optical frequency lines in the frequency comb; including the lower power

Characterization 1-Stage Interleaver 2-Stage Interleaver

Method Max. Suppression || Max. Suppression | Min. Suppression
Opt. Transmission 26.5dB 34.2dB 21.8dB

Opt. Beat 31dB 34.2dB (29.9dB) | 22.5dB (25.2dB)
RF Measurement 31dB 55dB 30.5dB

Table 3.2: Summary of measured suppression levels, depending on different characterization
mechanism.
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wings of the spectrum (+15nm from 1558 nm) that did not necessarily have an optimized
side-mode suppression. The coupling coefficients deviated more strongly from the ideal
splitting ratio in this regime, since the directional couplers were wavelength dependent and
dispersion could have limited the suppression of individual lines. In addition, phase ef-
fects could cancel or enhance certain harmonics of the repetition rate, and the delay line
lengths were not necessarily matched well over the whole wavelength spectrum. Therefore,
it was crucial to measure the optical and RF suppressions individually, since it is challeng-
ing to establish a direct and general relation between the optical suppression and the RF
suppression.

The time delay accumulated in the longer waveguide arms, waveguide dispersion and
delay line offsets, which had to be controlled to within a small fraction of the wavelength,
limited the side-mode suppression over a wider bandwidth range. Minimizing the wave-
guide dispersion or creating dispersion compensating designs could reduce this impact. In
addition, scaling the fundamental repetition rate of the fiber oscillator to higher input re-
petition rates allows shortening the delay line lengths in the first interleaver. This in turn
reduces the accumulated dispersion and improves the accuracy of the fabricated delay line
length. The described 1.25 GHz butt-coupled and free-space lasers (cf. Section 2.4.2) were
designed for such a demonstration, and preliminary results were collected. As discussed
before, multiple stages of identical interleavers can be cascaded or the same device can be
double-passed in order to obtain better overall suppression levels.

It was already mentioned that, for a first demonstration of this technology, a free-running
fiber laser source was used. Since the laser source was well isolated, the observed repetition
rate drifts were below 0.3kHz over a time span of 10 minutes and fluctuations in the carrier-
envelope phase shift were expected to have been even smaller. Therefore, these drifts were
not considered to have imposed severe limitations on the measurement results.

In addition, current efforts are underway to optimize the interleaver design and the
fabrication so that losses in the interleavers can be minimized. As the excess losses in these
waveguide interleavers originated mostly from the high front-end reflections of the waveguide

interleaver chip, improving the coupling from the fiber array to the chip can potentially
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reduce the losses. Polarization conversion seemed to have significantly contributed to losses,
which can be reduced by integrating design options that guide only a single polarization or
that feature a single-mode waveguide design.

Therefore, a re-design of new interleaver chips is currently being pursued. Y-splitters
can reduce the fabrication sensitivity of the current directional couplers. In addition, de-
signs that cascade two identical interleaver stages are being considered, to improve the
suppression. By starting with a higher repetition rate input source, limiting effects of dis-
persion are expected to impair performance to a lesser degree. Thus, this second generation
design poses a promising approach to demonstrate even better performance metrics from

integrated waveguide interleaver chips.

3.6 Conclusion

A compact system, consisting of a repetition rate tunable fiber laser combined with four
interleaver stages to multiply the repetition rate by a factor of 16, from 625 MHz to 10 GHz,
was demonstrated. An amplified femtosecond pulse train was coupled from the fiber oscil-
lator source into interleavers that were defined in planar waveguide geometry. The optical
and RF side-mode suppression of the frequency lines was analyzed. The measured RF sup-
pression of 30dB up to 12 GHz was partially limited by waveguide dispersion and delay
line length offsets. In the optical domain, suppression levels of at least around 30dB were
confirmed by heterodyne beat measurements. Thus, the promising potential of thermally
tunable interleavers in planar waveguide geometry for coherent pulse interleaving for ap-
plications in astrocomb calibration, frequency metrology and low-noise microwave signal
generation was presented. With more optical power available in each line, a fully stabilized
laser source and reduced interleaver losses, even better performance metrics can be achieved

for generating wide-spaced frequency combs.
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Chapter 4

Erbium-doped Waveguide Lasers

Waveguide lasers on a silica platform are attractive femtosecond sources due to high achiev-
able Er-doping concentration, compactness, robustness, ease of integration, and mass-
producibility. Progress in planar waveguide (WG) technology has previously enabled mode-
locked Er-doped WG lasers with repetition rates of 400 MHz [105] and 500 MHz [100]. Based
on these successful demonstration of mode-locked waveguide chips, the goal of this research

is to scale chip waveguide lasers to higher repetition rates, while optimizing performance.

4.1 Introduction

Although compact and robust femtosecond fiber laser systems have been developed, com-
mercially available fiber systems are, in general, limited to repetition rates of 250 MHz or
lower. While solid-state counterparts can be scaled more easily to higher repetition rates
due to higher extracted gain, the cavities incorporate free-space sections, which make them
sensitive to alignment and environmental perturbations. As any fiber or solid-state fem-
tosecond laser is custom-designed and individually assembled, these lasers come at a high
price point and usually require expert knowledge for maintenance.

Waveguide femtosecond lasers address these limitations and offer compact set-ups with
reduced footprints, robust performance metrics, ease of integration, and low costs due to

scalability of fabrication. Thus, waveguide lasers on a silica platform exhibit a promi-
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sing potential to enable wider adoption of femtosecond technologies and to offer integrated

systems with added functionalities in an on-chip platform.

With the development of Er-doped glass waveguides as gain media (for an overview of
fabrication details, the reader is referred to [106]), first attempts at mode-locked waveguide
laser sources with pico-second pulse durations were undertaken. Actively mode-locked glass
waveguide lasers at harmonics of the fundamental repetition rate implied that low timing
Jitters around 21fs can be supported in waveguide chip systems [107]. Passively mode-
locked systems, relying on free-space coupling to saturable absorbers, were demonstrated
with Er-Yb co-doped waveguides at repetition rates up to 1 GHz. However, these systems
produced ps-pulses, e.g., with between 4.1ps and 6ps pulse duration [108, 109, 110] or
9.8 ps pulses at a repetition rate of 100 MHz [111]. In fiber-coupled femtosecond-written
waveguides, 1.6 ps pulse trains at a repetition rate of 16.7 MHz were attained by utilizing a
carbon-nanotube saturable absorber [112]. In a similar configuration with a femtosecond-
written Er-doped bismuthate waveguide, mode-locking resulted in 320 fs pulse durations at
a 40 MHz repetition rate [113|. By employing nonlinear polarization rotation in an extended
free-space cavity with waveplates, femtosecond operation with 116 fs pulses at 130 MHz was
achieved [114]. However, all these cavities relied on free-space coupled optical components,
externally to the chip, to support mode-locking. Thus, while these lasers benefited from
higher gain due in the waveguide, they did not take full advantage of the potential for highly

integrated waveguide lasers.

Hyunil Byun et al. first demonstrated compact femtosecond waveguide lasers, without
any external free-space cavity section [100, 105]. In Er-doped glass waveguides (for details
on the technology, the reader is referred to [115]), 440 fs pulses at 394 MHz with 30 pJ of
intracavity pulse energy (for an estimated 16 mW of intracavity power) were attained. The
integrated timing jitter was measured at 24 fs [10kHz to 20 MHz]. In another waveguide de-
vice, the pulse durations were further shortened to 285 fs at 500 MHz for 10 pJ of intracavity

pulse energy (cf. [116]).
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4.2 Fabrication Detalils

The silicon platform features well-developed fabrication processes and an inherent insulating
silicon oxide. For this research, a silicon wafer provided the base substrate for the laser
fabrication. A silicon dioxide layer served as a lower cladding layer that separated the mode
from the high-refractive-index silicon substrate. Rectangular waveguides were designed to

guide the mode in their higher refractive index.

The active gain section consisted of RF sputtered erbium-doped alumina-silicate glass,
which provided a better solubility for Er ions than fused silica. Thus, higher Er-doping
concentrations could be deposited before cluster formation and quenching limited the num-
ber of active Er ions in the host material. For the passive waveguide sections, fused silica
glass layers were doped either with germanium (Ge) or phosphorus (P) ions to provide
waveguide cores with 1.5 % and 0.75 % index contrast, respectively. The previously demon-
strated waveguide structures [105, 100] were based on P-doped glass, since this technology
had been optimized to integrate passive and active waveguide sections on one chip. For
Ge-doped waveguides, the higher index contrast allowed fabrication of more compact wave-
guide structures with a smaller minimum bending radius to support single mode propaga-
tion (> 1-2mm compared to > 6-7mm). The core section of the waveguide was defined by
standard lithography and 10 um of SiO was deposited with Low Pressure Chemical Vapor
Deposition (LPCVD) to form the upper cladding layer. The fabrication of the waveguide
chips was performed by CyOptics, Inc., in New Plainfield, New Jersey.

In order to combine undoped waveguide regions with doped waveguides in the same
layer, a proprietary mode-converter transitioned between the regions. At the same time, the
mode-converter tapered the mode in both vertical and horizontal directions to ~7 px7 pm
at the input and output of the waveguides. This facilitated coupling to single-mode fiber
and estimated losses for the mode-converter amounted to 0.15 dB.

The geometrical waveguide dimensions were confirmed by examining the waveguide
facets by SEM (Scanning Electron Microscopy), as shown in Fig.4-1. Fig.4-1 (a) depicts

the coupling cross-section at the input (and output) of the WG chip. The lateral waveguide
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Figure 4-1: SEM characterization of (a) the coupling cross-section at the input and output
of the WG chip. Tapering to ~ 7 umx 7 um is clearly defined in the lateral direction through
waveguide tapering. (b) Cross-section of the Er-doped gain WG section, which confirms
dimensions of 1.52x4 pm.

dimensions of ~ 6.5 um confirm the tapering of the waveguide to the specified dimensions of
~T7x 7 pm, with a 10 gm SiO2 cladding layer on top. As the measurements were performed
on the actual sample (which had some dust speckles on the surface), the onset of surface
charging effects were visible. Coating the samples can enhance the resolution and measure-
ment contrast of the SEM analysis. Fig.4-1(b) displays the cross-section of the Er-doped
WG, which confirms the designed waveguide dimensions of 1.52 yumx 4 pm. The deposited
Si05 lower cladding layer on top of the silicon wafer is clearly visible in Fig.4-1(b). The

structured lines at the side of the image can be attributed to the cleaved interface.

4.3 Waveguide Chip Design

In order to obtain repetition rates in the GHz regime directly from a waveguide chip, the
length of the demonstrated WG lasers at repetition rates of 400 MHz and 500 MHz had to be
reduced. The previously incorporated passive waveguides, which compensated in larger WG
dimensions for the normal gain WG dispersion, were therefore eliminated. That way, gain
sections of the same length as for the 400 MHz WG laser provided comparable amplification

while the necessary dispersion compensation for soliton mode-locking was moved off-chip.
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Figure 4-2: (a) Schematic of final WG chip with waveguide layout, courtesy of CyOptics.
(b) Photograph of mounted WG chip with the green fluorescence in the Er-doped gain WG
section.

This led to a new laser waveguide design that contained only short sections of erbium-
doped waveguides. Each chip incorporated four different gain sections of 35 mm, 40 mm,
45 mm and 50 mm length, as depicted in the waveguide layout in Fig. 4-2 (a). Mode conver-
ters (of 5.5mm length on each side of the Er-gain section) connected the Er-doped WG to
the tapers at the facets of the chip. For dispersion compensation, this work used a thin-film
output coupler, thin-film coating that was deposited on the fiber-waveguide interface to
provide the desired anomalous dispersion, as shown in the waveguide schematic in Fig. 4-

2 (a). A photograph of the actual lab set-up for the WG chip is presented in Fig. 4-2 (b).

4.4 Waveguide Characterization

In the following, different parameter values of importance for stable mode-locked operation
were characterized, consisting of available intracavity power, group delay dispersion and

single-mode propagation in the WG.

4.4.1 cw Intracavity Power

In a first fabrication run, chips with gain waveguides width of 4 pm and height of 1.2 ym were
fabricated. They were characterized in terms of available intracavity cw-power and overall
dispersion to evaluate whether soliton mode-locking could be supported. The available

intracavity power was determined by butt-coupling the chip between a silver mirror on one
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Figure 4-3: Schematic of spectrally resolved white-light interferometer [116].

end and an output coupler/partial reflector (PR1-1550-90-0525, CVI lasers) on the other
end. The pump was focused through the partial reflector with an aspheric lens through
free-space into the chip. The output was collected after a dichroic beam-splitter to filter
out any unabsorbed pump light from the desired signal. Different output coupling ratios
were tested to evaluate what loss can be introduced to optimize the intracavity lasing. For
an output coupling ratio of ~ 7%, a maximum of 50 mW of intracavity power was measured,

resulting in sufficient intracavity power to facilitate mode-locking (cf. [116]).

4.4.2 Dispersion Measurement Set-Up

A common technique that is used to determine the group delay dispersion, e.g., in waveguide
chips and other fiber-coupled devices, consists of white-light interferometry measurements.
A home-built white-light dispersion measurement set-up, based on a spectrally resolved
Michelson interferometer [117, 116] that was initially developed by Hyunil Byun, was em-
ployed to measure the waveguide group delay dispersion.

The dispersion measurement set-up is depicted in Fig.4-3. The 12mW output of a
stretched pulsed, erbium-doped fiber laser was broadened in ~10m of SMF-28e. This
source provided pulse durations of ~ 10 ps and covered a wide spectral range from 1500 nm -
1620 nm, as illustrated in Fig. 4-4. For the measurement, the pulses were split into a sample

and reference path as shown in Fig. 4-3. The adjustable reference path incorporated a free-
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space section with a motorized translation stage. In the sample path, a cleaved SMF fiber
tip allowed coupling into the device under test. The samples were characterized in a double-
pass set-up in which the other end of the device was butt-coupled to a silver mirror. In
order to characterize active materials, the device under test could be pumped with a WDM
coupler. Besides enabling pumping of the sample, the WDM coupler selectively introduced
a high dispersion offset into the sample path (~ 90,000 fs?), which served to enhance the
measurement resolution. As the combined output of both arms was spectrally resolved on
an OSA, the dispersion was accurately determined from the detected fringe pattern, which

is proportional to ¢(w).

1480 1520 1560 1600 1640
Wavelength (nm)

Optical Spectrum (dB)
R R G
© © © o o

Figure 4-4: The SMF broadened EDFL laser white-light source with an output power of
12mW for the dispersion measurements.
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In Eq.4.3, the variable E; denotes the electric field in the sample path. The phase
¢s1 describes the accumulated phase without the device under test, and ¢,» represents the
phase change after a sample was incorporated into the measurement set-up. Similarly, ¢,

denotes the reference path phase without a sample and ¢, the change in the air path after
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incorporating the sample to be measured. I represents the measured output intensity. By
approximating the phases with Taylor expansions, the phase can be rewritten in terms of the
group delay, group delay dispersion, and higher order dispersion terms. From a calibration
measurement without a sample (when the cleaved fiber tip was directly butt-coupled to the
silver mirror), the phases ¢4; and ¢,1 were determined. Normalization of the measurement
with respect to |E,| and |E;| in baseline measurements was achieved by individually blocking

the sample and reference path. For more details, the reader is referred to [116].

From the detected fringe pattern on the OSA, the positions of the individual zero-
crossings are derived. As the phase difference between two neighboring zero crossings is
equal to 7, the group delay dispersion and third order dispersion can be calculated by solving
an equation array for all the displayed consecutive zero crossings, using the least mean square
method. Thus, the more interference fringes are detected, the better the measurement
resolution. As a consequence, longer sample lengths usually result in higher accuracy, and
dispersion values greater than 1000fs? can be best characterized. By averaging over a
certain number of measurements (usually 30, from which 10% of the outlier values are
discarded), results with small standard deviations can be obtained. In order to measure
a dispersion profile over a range of wavelengths, this spectrally resolved method requires

individual measurements to be performed for each center wavelength of interest.

4.4.3 Dispersion Measurement

With this white-light interferometer set-up, the dispersion for the waveguide chips was mea-
sured. Since the dispersion varied from chip to chip, due to fabrication tolerances in the
thickness of the Er-doped waveguide core, 145 different waveguides were measured to ob-
tain a reliable average dispersion value. The overall average dispersion amounted to around
3300fs? and 4500 fs? for the 35mm and the 50 mm waveguides, respectively. The group
delay dispersion for five waveguide chips with similar dispersion values is shown in Fig. 4-5.
The linear extrapolation between the measured points indicates that the normal dispersion

increased proportionally for longer gain sections. The total measured dispersion value cor-
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responded to a normal group delay dispersion of 40 fs?/mm for the Er-doped waveguide, if
a waveguide dispersion of 45 fs? /mm was assumed for the passive taper sections. This GDD

of 40 fs?/mm seemed higher than initially designed for.
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Figure 4-5: Dispersion measurement for five different waveguide chips.

However, for dispersion values of this order, a complex thin film coating with significant
thickness would be required to compensate for the dispersion. As the beam experiences
diffraction during propagation into the output coupler, high intracavity losses due to mode-
mismatch when coupling back into the WG chip could be encountered. Therefore, the
waveguide chips were refabricated. By increasing the height of the waveguide from 1.2 ym

to 1.5 pm, the overall dispersion was expected to be reduced significantly.

4.4.4 Waveguide Dispersion Characterization

In order to confirm a reduced group delay dispersion value, the re-fabricated waveguide
chips with raised height were measured. However, to obtain a representative result, a
large sample of chips had to be characterized. As the active waveguides were deposited by
RF sputtering in a planetary rotation chamber, localized fabrication tolerances limited the
height uniformity across the wafer. For one of the fabricated wafers (wafer 280), the Er-
doped waveguide core center section measured 1.39 pm, whereas the waveguide thickness
towards the side of the wafer amounted to 1.45um. The same effect occurred on the

second wafer (wafer 281), which featured thickness variations between 1.48 pm and 1.53 pm.
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Because of this non-uniform fabrication profile, slightly varying mode-profiles and dispersion

values were induced, depending on the original die location on the wafer.
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Figure 4-6: Waveguide dispersion measurement for refabricated WG chips.

A selection of the measured dispersion values are portrayed for 13 different waveguide
chips in Fig.4-6. Each measurement point was obtained by averaging over 30 dispersion
measurement values for each wavelength. The error bar indicated the measurement devia-
tion. The presented samples all originated from wafer 281, which featured slightly thicker
Er-doped layers and thus smaller normal dispersion values. If these results are compared
with the results in Fig. 4-5, the average dispersion for a 35 mm long waveguide was reduced
from ~ 3250 fs? to ~ 1400 fs?. This corresponded to a normal dispersion around 14 fs/mm
for the gain section, which implied a reduction in the dispersion by almost a factor of three
when compared to the 1.2 ym thick waveguides. However, instead of the expected linear

increase of the dispersion with longer waveguide lengths, as seen in Fig.4-5, the disper-
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sion evolution seemed less systematic in these measurements. Some measurements were
even characterized by a negative slope, indicating anomalous dispersion for the longer gain

sections on the waveguide. Thus, the mode profile was examined further.

4.4.5 Spatial Beam Profile Measurements

Fig. 4-7 shows numerical simulations of the desired fundamental mode in the gain waveguide
(TE polarization). This mode features 1/e? beam diameters of 3.5 umx 1.7 um. However,
due to the 4 ym width of the waveguide, multiple modes were supported within the designed
waveguide structure. In order to achieve single-mode operation, the waveguide layout was
designed such that higher order modes encountered higher losses. For the 1.2 um thick
waveguide, the waveguide bends selectively introduced losses of 80 % for the higher order
modes. However, the efficiency of the bends as mode strippers in the re-fabricated wave-
guide with 1.53 um height was reduced and provided only 60 % multi-mode losses in the
bends. Therefore, the cw beam profile was characterized to evaluate whether clean single-

mode operation could be supported.

3.5x1.7 pm

Figure 4-7: Simulation of fundamental TE mode in Er-doped waveguide (outlined as white
rectangle) with 1/e? beam diameters of 3.5 yumx 1.7 pum.
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Figure 4-8: Set-up for single-pass beam profile measurement.
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First, the spatial beam profile for a single-pass through the waveguide was evaluated.
For low pump powers, the output of a 45mm long gain waveguide was collected with
an aspheric lens (C220TME-C). With an IR CCD camera (WinCamD), the spatial beam
profile was recorded for varying distances to the lens, as shown in Fig. 4-8. After determining
the half-angle of divergence © for the beam in the tangential (horizontal, x) and sagittal
(vertical axis, y) plane, the mode profile was compared with the beam expansion for an ideal
diffraction-limited Gaussian beam with the same waist wp. The M? beam quality (or beam
propagation) factor is defined such that a value of 1.0 implies that the beam is diffraction-
limited, which is the case for single-mode beams. The theoretical far-field divergence 6,
e.g. for TEMyo Gaussian beams, is calculated by § = 7r_)\(,u2— Thus, M? can be evaluated by
Eq.4.4: ’

e »

TWo

©
M? = 7
For low pump powers, the output beam diameters were measured when TE polarized
light was coupled into the waveguide (assuming a Gaussian fit for the beam diameter), as
shown in Fig.4-9. From this measurement, the beam waist wy and © (slope of measured
beam diameter for small angles) were extracted. With Eq. 4.4, the resulting M? parameter
for the two planes (denoted with x and y), were calculated as M2 = 3.5 and M?=2.9. These
values imply the presence of higher order modes which are not sufficiently suppressed upon
single-pass through the waveguide device. Depending on the input coupling, a combination
of different higher order modes was excited, which resulted in slightly larger M2 values

when the measurement was repeated.

However, in the mode-locked laser cavity, resonator feedback in combination with gain
saturation for the lowest loss mode was expected to suppress the higher order modes more
efficiently than in the considered single-pass scenario. Therefore, the measurements were
repeated for a cw-laser cavity, where 10% output couplers on both ends of the waveguide
defined the laser cavity. At the input, a coated fiber was coupled to the waveguide facet,

while an output coupler mirror was butt-coupled on the other end.
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Figure 4-9: Gaussian beam diameter plotted for the WG output when TE polarized light
was coupled into the WG.
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Figure 4-10: (a) Schematic to measure beam profile for a cw laser cavity. (b) Recorded
beam diameter depending on the distance from the collimating lens for the tangential and
sagittal axis, resulting in M? factors of 1.1. (c) Spatial beam profile close to the focus.
Courtesy of Hyunil Byun.
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The set-up for the measurement is depicted in Fig.4-10 (a). The recorded beam diame-
ters in the tangential and sagittal plane in Fig.4-10 (b) follow each other closely, resulting
in an estimated M? value of 1.1 for both dimensions. This M? value indicated that after
multiple passes in the cavity, single-mode operation was supported, as desired. Fig.4-10 (c)
shows the recorded beam profile close to the focus with good uniformity and good resem-
blance to a Gaussian beam. At the same time, this measurement implied that the waveguide
supported multiple modes during single-pass propagation through the waveguide. Thus, an

accurate determination of the dispersion in the current configuration was challenging.

4.4.6 Modeling of Waveguide Dispersion

In order to obtain theoretically calculated values for the waveguide dispersion, numerical
Finite-Difference Time-Domain (FDTD) simulations can be applied to solve for the modes
and dispersion. Alternatively, analytical approximations to determine the effective refrac-
tive group index for rectangular waveguides can be used. In the following, the latter ap-
proach was chosen. After calculating an effective refractive index for the waveguide struc-

ture, the expected waveguide dispersion could be derived.

The effective index method was first proposed by Knox and Toulios [118] and has been
extensively applied to rectangular waveguide structures (e.g., [119, 120, 121]). According
to this methodology, the rectangular waveguide structure is approximated by two slab
waveguides, whose effective indices can be evaluated individually. These two waveguides
are coupled orthogonally to each other to reconstruct the original waveguide structure. This
method can be applied as long as the total electromagnetic field can be well approximated by
two de-coupled variable functions. Then, by separation of variables, two independent wave
equations for each waveguide dimension with effective refractive indices can be formulated.

For a more detailed derivation, the reader is referred to literature, e.g. [122].

In Fig. 4-11, the effective index concept is illustrated. The rectangular waveguide of
interest in Fig. 4-11 (a) was decomposed into two corresponding slab waveguides. Depending

on the chosen boundary conditions in each subsystem, the eigenvalues were determined
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numerically for the TE and TM modes. By combining the various configurations for the

respective mode numbers m and n, the supported TE and TM modes were calculated.
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Figure 4-11: (a) Rectangular waveguide analyzed by effective-index method. (b) Calculation
of TE mode by using slab of width w to approximate effective index for a slab waveguide of
height h. (c) Calculation of TM mode by using a slab of height h to approximate effective
index for a slab waveguide of width w.

After reducing the rectangular waveguide dispersion calculation to individual slab wave-
guides, a formalism by Kogelnik and Ramaswamy [123] for slab waveguide structures was
applied. For a normalized guide index b and a normalized frequency V = koh - (n} — n3)
(with ko the wave vector and h the waveguide core height), the dispersion relation for a
symmetric slab waveguide (where the index of refraction for the substrate and cover layer

are identical) can be expressed in the following form:
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V-V1-b=mr+ 2-tan"1( 1—2—()) TE mode (4.5)
V-vV1-b = mn + 2-tan™! (—:g . E) TM mode  (4.6)
2
b = M & on :\/b-(nQ—n2)+n2 (4.7)
nf—nf eff 1 2 2

In this notation, n; and ny denote the index of refraction in the core and cladding,
respectively, and the integer m represents the mode index. For the waveguide evaluation,
the following parameters were used: a height of h =1.53 um, a width of w =4 ym, n; =1.62
and ng =1.45. By numerically solving the above equations, 11 guided modes (for m =4
and n =2), as shown in Table 4.1, were supported by the waveguide width. The validity of
this approach was compared against numerical mode-solver solutions, which confirmed the
obtained results. Thus, for the given waveguide configuration, slightly anomalous waveguide
dispersion values (as measured in Fig.4-6) were theoretically predicted. In particular, the
calculated waveguide dispersion in Fig. 4-12 is consistent with the decrease in the measured
anomalous waveguide dispersion with increasing wavelength in Fig. 4-6 (d), which became
more anomalous with increasing waveguide length. As the lower order modes are highly
confined within the waveguide core, the waveguide dispersion generally dominates over

material dispersion.

The analysis in Sections 4.4.5 and 4.4.6 implied that for the dispersion measurement
pure single-mode operation within the waveguide cannot be necessarily assumed. Thus,
during the dispersion measurement, higher order modes were expected to have been excited
besides the fundamental mode, depending on the input coupling. As the waveguide chip
was double-passed, these higher order modes were not necessarily well suppressed. This can

explain the recorded waveguide dispersion points for different waveguide lengths in Fig. 4-6.

The material dispersion contribution in fused glass amounts to ~ 25 fs?/mm, which has

to be added to the modal waveguide dispersion. Thus, based on the theoretical derivations,
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Mode | Effective refractive index | Dispersion (in fs?/mm)
TE 00 1.57390 -12.38
TM 00 1.57432 -2.87
TE 10 1.54775 -35.81
TE 20 1.50609 130.18
TE 30 1.45763 2713.49
TE 01 1.47646 769.53
TE 11 1.45858 1980.32
T™ 10 1.54951 4.70
T™ 01 1.47795 715.00
™ 11 1.46339 1317.36
T™ 20 1.51046 205.65
T™ 30 1.46561 1593.10

Table 4.1: Waveguide dispersion for the réspective individual modes at 1550 nm.

a WG dispersion of ~ 13fs?/mm for the fundamental TE mode in the Er-doped gain section
was expected. This value corresponded well to the experimentally measured value around
14fs2/mm. As the input polarization was matched to the TE mode, the anomalous wave-
guide dispersion seemed to correspond well to dispersion values for the first higher order TE
mode. Measurements for an input TM mode should result in larger normal group dispersion

values.

The wavelength dependency of the dispersion was in general evaluated without changes
to the butt-coupled configuration. For the same input coupling, excitation of the same
higher order modes for the measurements could be assumed, which led to consistent data
trends for different wavelength measurements in Fig.4-6 (d). This is in contrast to the
measurements over different gain lengths, where the input coupling differed between each
measurement. Thus, it can be deduced that the overall waveguide dispersion was only
slightly normal in these refabricated structures. To force the waveguide into stronger single-
mode operation, one could add single-mode fiber in between the end facet of the waveguide
and the silver mirror. Ideally, higher order modes would get suppressed in the SMF and

increased the probability of measuring the dispersion of the fundamental waveguide mode.
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Figure 4-12: Estimate of waveguide dispersion in Er-doped gain section for different modes.

4.5 Design of Output Coupler Coating

In order to support soliton mode-locking, a mechanism for dispersion compensation was
implemented so that an overall net anomalous intracavity dispersion could be achieved.
Thus, a thin-film, dielectric coating was designed to provide the desired output coupling and
dispersion compensation simultaneously. Such a coating could be either deposited directly
on the waveguide facet or on a fiber ferrule to be butt-coupled against the waveguide. Both
scenarios were numerically evaluated and their sensitivity towards small air gaps evaluated.
Overall, the solution of coating the waveguide chips proved to be more robust and more
insensitive to air gaps. Therefore, in order to reduce etalon effects for a non-ideal butt-
coupling contact between the waveguide and the output coupler, the waveguide facet was

coated directly.

4.5.1 Layer Design

A thin-film coating, based on a modified Bragg stack containing SiOs and Nb,O; was
designed, using the commercial thin-filin design software OptiLaver. SiOs and Nb2Oj are
standard dielectric materials for thin-film coatings because their deposition parameters can

be well controlled (RMS thickness errors of less than 0.5% for ion beam sputtering by
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Figure 4-13: Thin-film output coupler design: (a) Transmission, with wavelengths of interest
at the pump and signal highlighted by purple box. (b) Magnified view of reflectivity around
1550 nm. (c¢) Group delay dispersion. (d) Magnification of group delay dispersion, which is
practically flat for wavelengths around 1550 nm.

Advanced Thin Films, Inc.). As the waveguides were buried by a 10 um thick oxide from
the top surface (cf. Fig.4-1), the WGs were considerably close to the chip surface (the input
facet featured a cross-section with a height of 650 pm and width of 6 mm where the WGs
were asymmetrically located just 10 pm below the top surface on a substrate of at least
633 pm thickness). However, the film uniformity of the deposited coating close to the edge
and waveguide region should still be reasonable high.

The design goals for the coating were set to 90 % + 5 % transmission of the pump light be-
tween 970 nm - 980 nm, 10 % + 0.3 % output coupling over a bandwidth of 1525 nm - 1600 nn,
and a group delay dispersion of —1500 fs? +300fs? for 1545nm-1575nm. The designed
coating reflectivity and dispersion matched these targets well, as illustrated in Fig. 4-13.

The optimized coating consisted of 32 layers, with SiOs as the first layer to be deposited
on the WG in order to closely match the index of the Ge-doped glass, as illustrated in
Fig.4-14 (a). While the last 4 layers were fixed at quarter-wave thicknesses for 1560 nm,

the other layer thicknesses were optimized by OptiLayer’s inherent algorithm, including
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Figure 4-14: (a) Layer structure for output coating design with dispersion compensation.
The coating was deposited on the waveguide input facet, to the very right of the layer stack.
(b) Electric field distribution in output coupler coating for 1560 nm.

refinement procedures, automatic needle optimization and desensitization to fabrication
errors. By evaluating the merit function M F' for possible layer designs, the thickness for
each layer is optimized until a local minimum is reached with the implemented routines
MF(z,A) = /Az (R(xz,\) — }3',,50,,@;,(31()\)]2 ~ 0.62. Riqrget(A) specifies the target design and
R(xz, \) represe);ts the designed reflectivity, where = describes a vector containing all the

individual thicknesses for each layer.

The designed coating thickness amounted to 8.24 um and the corresponding electric
field distribution at 1560 nm is plotted in Fig.4-14 (b). Significant field contributions can
be found at least up to 4 um deep into the output coupler coating and longer wavelengths

penetrate even deeper into the layer stack.
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4.5.2 Beam Divergence in Coating

While the waveguide mode is guided on-chip, the mode diverges upon impinging on the
SBR or any deposited thin-film coating. For coating thicknesses on the order of the mode
dimensions, such beam divergence can impair the beam profile. Thus, diffraction of the
reflected beam can lead to a decreased mode overlap with the WG mode, which reduces the
coupling efficiency. Therefore, in the following, the impact of beam divergence is evaluated
by modified thin-film simulations based on Hankel transforms, initially implemented in
MATLAB by Li-Jin Chen. For this evaluation, radially symmetric modes are assumed,
which pose a good approximation for the tapered out waveguide modes. The implemented

framework is described in Appendix A.

In Fig.4-15, the original output coupler reflectivity (denoted as ‘Mirror’) was calcu-
lated by superposition of forward and backward propagating electric fields. The coupling
efficiency outlines the reduced coupling due to beam divergence, and the curve ‘Total’
combines the original output coupler reflectivity with the wavelength dependent coupling
efficiency. For beam diameters between 6 ym and 7 pm, the total reflectivity curve hardly

undergoes any changes, as it gets reduced by 1.8% and 0.6 %, respectively, at 1560 nm.

However, for smaller mode diameters that have shorter Rayleigh ranges, beam divergence
becomes a determining factor, as quantified in Table 4.2, and illustrated in Fig.4-16. For

beam diameters around 4 pm, the coupling efficiency is decreased by 11.5% at 1560 nm.

. d = 6um - " d =7ym
(a) ! (b) 1
0.95
= 0.95 >
2 g
8 09 % 09
]
2 —— Mirror = ——Mirror
0.85 —— Coupling Efficiency 0.85 — Coupling Efficiency
—Total —Total
0"E45 1:5 1.55 1.6 1.66 018.45 1.5 1.55 1.6 1.65
Wavelength (um) Wavelength (um)

Figure 4-15: Output coupler reflectivity, coupling efficiency and resulting reflectivity profile
for a beam diameter (a) of 6 um and (b) of 7 pm.
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Beam diameter [pm] Coupling Efficiency [%]
1550 nm | 1560nm | 1590 nm
3 48.5 45.3 64
4 7.4 11.5 31
5 4.8 7.4 11
6 1.3 1.8 3.8
7 0.4 0.6 1.3
8 0.015 0.02 0.05

Table 4.2: Reduced coupling efficiency for various beam diameters upon propagation into
output coupler coating.
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Figure 4-16: Coupling efficiency for output coupler depending on beam diameter.

Since the longer wavelengths penetrate deeper into the output coupler stack, their coupling
efficiency gets reduced further.

Having evaluated the butt-coupling quality for the output coupler end of the waveguide,
the other waveguide facet, which was coupled to the SBR, was examined w.r.t. the impact
of beam divergence. As the SBR standing electric field pattern usually only exhibited sig-
nificant intensities for penetration depths around 1 gm into the material stack, divergence
effects were expected to have reduced impact compared to the output coupler case. Thus,
simulations for various waveguide mode diameters and air gap lengths for a SBR (compa-
rable to VAS86 in terms of absorber layer but with a base reflectivity of only 94 %) were
conducted. Fig.4-17 summarizes the air gap lengths that could be tolerated, depending

on the mode diameter, if intracavity coupling losses of less than 1% were targeted. With
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increasing spot sizes, larger air gaps of up to 5 um for a beam diameter of 8 um were accep-
table because diffraction was reduced. Thus, in the case of mode dimensions around 7 ym
by 7 pm, diffraction losses at the SBR end due to air gaps can be neglected. However, for
modes with diameters of 2 gm or smaller, air gaps of 0.7 pm reduced the coupling efficiency
by 6.5 %, resulting in a total reflectivity of 87.8 %, as shown in Fig.4-18 (b). This analysis

underlines the importance of mode tapering to achieve good butt-coupling.
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Figure 4-17: SBR coupling losses depending on beam diameter and air gap.
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Figure 4-18: Impact of beam divergence on coupling efficiency for a beam diameter of 2 pm.
(a) Without any air gap, (b) with an air gap of 0.7 pm, the coupling efficiency is reduced by
6.5 % at 1550 nm, resulting in a total reflectivity for the SBR-waveguide interface of 87.8 %.
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4.6 Conclusion and Future Work

In addition to careful characterization of the WG chips, numerical simulations were con-
ducted that captured the temporal dynamics of the resulting waveguide chip cavity by
applying the split-step Fourier method to a modified nonlinear Schrédinger equation. For
this evaluation, the measured intracavity power and the determined dispersion values were
used in order to identify a stable mode-locking regime. Thus, for the designed OC coat-
ing with an anomalous group delay dispersion of -1500 fs* and assuming high intracavity
pulse energies around 20pJ, 200 fs short pulses were numerically predicted. However, the
mode-locking threshold is much lower and, depending on the repetition rate of the WG
laser, is below 10 mW. Measurements of the coated WG chips confirmed that for 370 mW of
launched pump power, intracavity powers up to 40 mW can be achieved. Thus, the analysis
so far indicated that mode-locking of the WG lasers should be achievable and detailed
characterization and analysis of the WG chips is currently in progress. Fig. 4-19 shows a

photograph of the WG chip.

Figure 4-19: WG laser chip with pump-coupling through SMF fiber tip (on left) and butt-
coupled SBR (on right).

In the long run, the goal of this research is to obtain a highly integrated mode-locked
laser where the SBR is ideally directly integrated on the chip. Though different ideas
have been considered, these attempts are beyond the scope of this thesis since currently no
technology exists that can directly integrate semiconductor saturable absorbers with planar

waveguide technology.
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As part of the EPHI (Electronic-Photonic Heterogeneous Integration) project, new
mode-locked lasers were designed. The goal of this project is to build an ultra-low phase
noise RF oscillator based on a wafer bonding approach between Si photonics and CMOS.
Er-doped cw and mode-locked lasers are currently being implemented for this platform.
The chosen waveguide structure consists of a low-loss, thin silicon nitride waveguide that
provides single-mode guidance in an Er-doped gain film, which has been optimized for
maximum overlap with the pump beam. Currently, different integrated components are
being designed in order to assemble a complete mode-locked laser configuration capable of
GHz repetition rates. In order to optimize the design, numerical simulations of different
linear laser structures with rcpetition rates of a few GHz were performed. As the accu-
mulated dispersion is relatively low in such short cavities, the numerical analysis revealed
that sub-picoseond pulses can be supported, even without a specific implementation for a
dispersion compensation mechanism.

As part of this new research thrust, different integration schemes for the SBR are being
evaluated and more robust coupling methods to attach the SBR to a Si photonics wafer have
been explored. Vertical coupling to the SBR on a planarized wafer surface can potentially
reduce alignment sensitivity and air gap etalons in the current horizontal butt-coupling
schemes. Mechanisms to redirect the mode towards the surface include mirrors etched at
45° or the use of integrated vertical grating couplers.

Therefore, these efforts are expected to produce a significant step forward towards highly
integrated waveguide femtosecond lasers, compatible with Si photonics and CMOS tech-

nology.
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Chapter 5

Saturable Bragg Reflector Design

In this Chapter, designs for saturable absorbers with modulation depths around 5% are
explored and a double-absorber structure is presented. Carrier lifetimes are engineered by
proton bombardment, since reduced recovery times are particularly important for high-
repetition rate laser cavities. The optical performance of different absorbers is explored and
the wavelength tunability of butt-coupled SBRs (see also Chapter 2) is further analyzed.
The work in this chapter was performed in collaboration with Prof. Leslie Kolodziejski and

Gale Petrich, who grew the saturable absorber mirrors by molecular beam epitaxy (MBE).

5.1 Background

A saturable absorber is characterized by a nonlinear reflectivity response and is a key
element for pulse shaping in femtosecond laser cavity. Low intensity light gets absorbed
and encounters higher losses as carriers are excited from the ground state into the upper
state conduction band levels. With increasing depletion of carriers in the ground state,
saturation sets in so that higher intensities face reduced losses. Thus, high intensity spikes
are amplified, whereas low-intensity noise and any small perturbation is absorbed. This
effect provides an efficient self-starting and pulse stabilization mechanism for mode-locking.

Moreover, during each round-trip, the low-intensity leading edge of the pulses is more
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strongly absorbed, which results in pulse narrowing [31].

A saturable Bragg reflector (SBR) is a unique implementation that unites mirror re-
sonator and absorber functionalities in one compact device that is based on a semiconductor
Bragg mirror stack. Though alternative saturable absorbers are available (carbon nanotubes
(45, 46, 47, 48] or graphene [124, 125]), an SBR is the preferred choice for the presented
laser systems because the SBR exhibits high damage thresholds and can be engineered for
short recovery times, which is ideal for high repetition rate cavities.

For an optimized femtosecond laser operation, the SBR modulation depth (maximum
dynamic range in saturable absorption), the saturation fluence Fygg; (1/e onset value of
saturation) and the recovery time 7 are tailored to the laser operating point. In general,
the laser fluence is desired to be larger by a factor of 2 to 3 than the saturation fluence
[126] and ideally, full recovery of the absorber carriers should be achieved before the next
pulse arrives at the absorber. In the following, different design options and the specific

engineering of the absorber lifetimes through proton bombardment (PB) are presented.

5.2 Double Absorber Design

For efficient mode-locked operation, the saturable absorber losses should be of the same
order as the intracavity losses. For fiber lasers with an external free-space focusing section
on the SBR, a modulation depth higher than the measured SBR VA86 modulation depth
of 2.5% is desired. In addition, small saturation fluences allow operation even at low
intracavity pulse energies. Therefore, different design options to increase the modulation
depths are evaluated in the following.

A semiconductor SBR comprises two sections, a high reflectivity mirror (usually a Bragg
mirror stack) and the actual absorber section. A Bragg reflector consists of alternating
quarter-wave thick layers of high and low index semiconductor materials, which are trans-
parent at the design wavelength of 1550 nm to minimize non-saturable (linear) losses. A
high reflectivity over a wide bandwidth is achieved by choosing two mirror materials with

high index contrast and by stacking a large number of mirror pairs. In the following, for all
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the designed structures, the broad-band semiconductor mirror is defined by 22 pairs of GaAs
and Alpg5GagosAs quarter-wave thick layers. Close to octave-spanning bandwidths were
pioneered in oxidized mirror structures in Prof. Leslie Kolodziejski’s group [127, 128, 129].

The absorber section in semiconductor saturable absorbers can either be composed of
multiple quantum wells or semiconductor bulk layers. As higher modulations depths were
targeted, designs featuring bulk absorption sections were pursued. The VA86 SBR. featured
a 60 nm thick Ing 537Gag 463As absorber layer that was centered with respect to the electric
standing wave field pattern and embedded in a half-wave GaAs cladding layer. In the SBR
designs, bulk semiconductor layers were favored over quantum wells, as bulk layers demon-
strated comparable performance characteristics but featured reduced fabrication complexity
and lower sensitivity to layer tolerances.

In order to achieve higher saturable absorption, a design consisting of a thicker absorber
layer was considered, as illustrated in Fig. 5-1. By extending the absorber thickness beyond
60 nm, the overlap between the electric field pattern and the absorber section increased.
However, the additional electric field contributions consisted mostly of lower intensities so
that overall the absorption characteristics barely changed. Thus, the absorber layer thick-
ness was widened further to capture a second peak of the electric field. A 240nm thick
Ing 537Gag 463As absorber yielded a reflectivity decrease by A R=13%, cf. Figs.5-1(a) and
(b). Assuming that one third of A R were saturable losses, modulation depths on the order
of 4.3% can be obtained. By adding an anti-reflection coating layer on top of the SBR,
as illustrated in Fig.5-1(c), the reflectivity was reduced to A R=237.5%, which led to an
estimated modulation depth of 12.5%. The anti-reflection coating, which consisted of a
quarter-wave thick layer at the mirror design wavelength, provided an effective impedance
matching between the air and the semiconductor saturable absorber over a limited band-
width. The refractive index was given by nag = \/ngeas ~ V3.43 ~ 1.85 with a thickness of
209.2 nm. Thus, such designs are good for fiber lasers with higher intracavity losses, e.g. in
external free-space laser configurations, where round-trip coupling losses from fiber to air
and back into the fiber can be on the order of 20 %.

Thermal damage of the saturable absorber was analyzed in Chapter 2.3.4 and was par-
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E-Field Profile, 240nm absorber

(b) 45

a=150
— =155
——=160

S

I&
]
]
1

|
r

w

( a) Absorber Thickness 240nm

~
o

[E(2)? / Index of Refraction
~

08- ol
= T
Zos-
ﬁ VAR
B 04 __AR=13% N7 N7\ \/
= (wio AR coating) s 7 4 e os
- E-Field Profile, 240 b + AR ti
_AR = 375% (c) us eld Prof nm'a serber ‘:na ing
02 (W AR coating) =150
' 4 —L=155
. : i ¢ { =160
9a 145 1.5 1.55 16 1.65 17 ¥ A E
Incident Wavelength (um) 3

|E(2)? / Index of Refraction

il

Mimor Depth z (um)

Figure 5-1: SBR design with 240 nm thick absorber. (a) Reflectivity curve with and without
an additional anti-reflection coating. (b) Standing wave electric field pattern for three
different wavelengths of 1.5um, 1.55 um, and 1.60 ym for a 240nm thick absorber. (c)
Standing wave electric field pattern for the same SBR as in (b) with an additional AR
top-coating.

tially attributed to absorption of signal and pump light in the InGaAs absorber layer.
Therefore, besides minimizing non-saturable losses, thermal damage thresholds were con-
sidered for the design of the SBR. The absorber overlap with the peaks of the electric field
wave patterns was optimized, while minimizing the total absorber width. Thus, a double
absorber structure was designed with layer thicknesses, as outlined for VA147 and VA148
in Table 5.1. Instead of one continuous absorber layer, two absorber layers of 67.5 nm were
placed at the peak of the standing wave pattern of the electric field, surrounded by a GaAs
cladding layer. With this design, a maximum reflectivity that was comparable to the pre-

sented design in Fig. 5-1 could be achieved. The reflectivity of this SBR amounted to 87 %,
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Layer Material Thickness [nm)|
VA147 | VA148 | VAB6
Top Cladding GaAs 68.1 83.2 | 83.2
1. Absorber In0_537Gao,453As 67.5 67.5 60
Cladding GaAs 1329 | 1329 | 83.2
2. Absorber Ing 557Gag 463 As 67.5 67.5 0
Cladding GaAs 64.8 64.8 0
: GaAs 108.9 108.9 | 114.7
Bragg Mirror(x 22) |4y Crooshs || 1344 | 1344 | 132.9

Table 5.1: Fabricated layer thicknesses of SBR VA147, VA148 and VARG.
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Figure 5-2: (a) Comparison between modeled and measured reflectivity for VA148. (b)
Comparison between measured reflectivity curves of VA147 and VA148.

as illustrated in Fig. 5-2 (a), which yielded an estimated modulation depth of 4.3 %.

The SBR was grown with two slight modifications: In the first growth run of the struc-
ture VA147, the top cladding layer was thinner than the half-wave thick design, resulting in
a tilted reflectivity profile, which favored shorter wavelengths over the operating wavelength
at 1550nm. Modeling of an additional top cladding layer (see Fig.5-3) suggested that a
more uniform reflectivity profile for a GaAs layer of ~20nm on top of the grown VA147
could be achieved. While the absorber and mirror sections of VA147 and VA148 were iden-
tical, the top cladding layer for VA148 was re-grown and consisted of an additional 15.1 nm
GaAs thick top layer. The measured reflectivity of VA148 with a maximum reflectivity of
89.9% at 1550 nm (which can have around 2% offset in the absolute reflectivity value due to

the calibration of the system) agreed well with the design reflectivity of 87% in Fig. 5-2 (a).
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Figure 5-3: Impact of top cladding layer thickness changes on reflectivity.

The comparison of the measured reflectivity profile of VA147 and VA148 in Fig.5-2 (b) (as
determined by a Cary spectrophotometer measurement) illustrates the more uniform reflec-
tivity for SBR VA148 through the additionally overgrown GaAs layer. The corresponding
standing electric field wave pattern are shown in Fig. 5-4 for (a) SBR VA147 and (b) SBR
VA148.

5.2.1 Pump Reflective Coating

In the discussed 1 GHz fiber lasers, the residual pump light impinging upon the saturable
absorber constituted up to two-thirds of the coupled pump power since the overall pump
absorption was limited by the short gain fiber length. Therefore, to protect the absorber
layer from pump light, a pump-reflective coating was deposited on top of the grown SBRs
by Peter O’Brien from Lincoln Labs.

The pump-reflective coating was composed of a series of alternating quarter-wave thick
layers at 980 nm of SiOy and TizOs, with the bottom TizO5 and the top SiOs layers cor-
responding to a half-wave thicknesses (for details cf. Table 5.2). The total thickness of the
PRC amounted to 1.255 um. The design was optimized for a high-reflective pump window

of 96.8% reflectivity while transmission at the signal wavelengths was maximized to 0.3 %,
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Figure 5-4: Standing electric field wave pattern for (a) VA147 and (b) VA148 at 1550 nm
and 1560 nm for two absorber layers of InGaAs.

| Layer | Material | Thickness [nm] | Index of Refraction at 980 nm |
Top (Air) SiO9 232 1.45
3y TizOs5 105 2.25
Si09 166 1.45
Bottom (SBR) | TizOs5 210 2.25

Table 5.2: Layer sequence for pump-reflective coating, as designed by Peter O'Brien.

as shown in Fig. 5-5.

While the impact of the pump-reflective coating was already studied for the SBR VAR6
in Section 2.2, the SBR VA147 and VA148 with pump-reflective coatings are analyzed in
the following. Fig.5-6 (a) shows a comparison between the numerically predicted and the
measured reflectivity for VA147 PRC. At a wavelength of 1550 nm, the design featured a
reflectivity of 70.5 %, whereas the measured result indicated a higher value of 82.2%. How-
ever, for the numerical simulation only estimates for the refractive indices of the dielectric
materials were used, which resulted in a certain tolerance for the designed reflectivity charac-
teristics. Moreover, the spectrophotometer can determine relative differences in reflectivities
very accurately, but can add an offset into any absolute measurements. Fig.5-6 (b), which
shows the same sample measured with a Perkin Elmer instrument at Lincoln Lab and at
MIT with the Varian Cary spectrophotometer, suggests that different reflectivity calibra-
tions affect the absolute measurement (while the wavelength calibration agrees very well).

For the design wavelength at 1550 nm, the reflectivity was determined as 75.1% and 81 %
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Figure 5-5: Measured reflectivity of pump-reflective coating. Courtesy of Peter O’Brien.

by the LL and MIT measurement, respectively. Combined with the variation between the
design and measurement, this implies that the reflectivity measurement at MIT might have
generated slightly higher values. Nonetheless, both measurements in Fig. 5-6 (b) emphasize

the high reflectivity pump window and the same reflectivity shape curve.
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Figure 5-6: (a) Design and measured reflectivity of VA147 PRC and (b) Reflectivity mea-
surements at LL and MIT (Perkin Elmer used with an integration sphere and Varian Cary
spectrophotometer).

5.2.2 Reduction of Carrier Lifetimes

The relevant time constants associated with the absorption dynamics in SBRs can be studied
by pump-probe characterization. In a pump-probe measurement, the pump or excitation

pulse is absorbed by the material. A second probe pulse, whose delay time is varied relative
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to the pump pulse, efficiently traces the induced changes in the material properties.

After excitation by the first femtosecond pulse, carriers are generated and form a non-
equilibrium distribution. Due to scattering effects, the carriers thermalize and can be
described by a hot Fermi distribution, usually on a time-scale of around 200fs. This hot
carrier gas interacts with lattice phonons and through carrier cooling, carriers get distributed
around the bottom of the conduction band (~ 1ps). On a longer time-scale, the carriers
get trapped in impurity states (100fs to 100 ps), recombine in recombination centers and
midgap states, or induce radiation (up to nanoseconds) [130, 131]. Thus, each saturable
absorber is characterized by two relevant time constants: a fast component, dominated
by the intraband thermalization and a slow component due to carrier recombination and
trapping.

Shorter absorber recovery times are favorable to generate high repetition rate lasers
and to facilitate the onset of self-starting for the mode-locking process (determined by the
slow time constant). Therefore, different approaches to reducing the carrier lifetimes can
be pursued. During low-temperature MBE growth of lattice-mismatched materials, strain
and additional defect points are introduced at the interface of different materials. With ion
bombardment after the completed growth of the SBR [132, 133], the recovery times can be
engineered further to the desired specifics. Light ions like protons are favored because they
can be implanted without excessive accelerating voltages [134] and they introduce less non-
saturable losses compared to heavier ions. Along its trajectory path, each proton generates
defects before it is stopped and implanted in the material.

Two different effects can contribute to energy loss of the proton. Coulomb interactions
with the complete electron clouds results in an effective ‘viscosity’ material effect that
reduces the kinetic energy of the protons and induces ionization of the target material.
This energy loss per unit propagation length %g due to inelastic scattering is proportional
to the incoming ion energy E (for low energies) [135] and is referred to as electronic stopping
S.. Nuclear interactions between the proton and lattice leads to elastic collisions, change
in momentum and direction of the proton. If the incoming ion is sufficiently slow, damage

sites, interstitial defects, and vacancies can be generated in the material. However, for
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proton bombardment of the presented SBRs, electronic stopping predominates [136] and is
larger by approximately a factor of 100. This mean energy loss/stopping power curve is
described by the Bethe-Bloch formula [137, 138]. The statistical distribution of the protons
in the material can be estimated to first order by a Gaussian distribution [135], as shown

in Eq.5.1.

i 2/(9. AR2
Niz) = - (z=Rp)?/(2-ARY) 51
®)= (5.1)

Here, the projected range R, describes the average deposition depth and the straggle
AR, denotes the standard deviation of the range. The skewness (related to the third
moment) captures any asymmetry of the distribution. A negative skewness indicates an
increased accumulation towards the surface side of the projected range. The kurtosis is
related to the distortion of the distribution (fourth moment), with values larger than 3
(3 is representative of a normal Gaussian) indicating a flatter top. These parameters can

generally be obtained from tables or calculated by Monte-Carlo simulations.

'To model the impact of proton bombardment, SRIM (Stopping Range of Tons in Matter)
and TRIM (Transport of Ions in Matter) simulations were conducted. The core of these
simulations is provided by the TRIM package, which calculates the distribution of ions
through Monte-Carlo methods in compound semiconductors. This numerical simulation
tool can be used to estimate the projected range and target damage profile of the protons
in the saturable absorber (see [139], version SRIM-2008) and the straggle, defect generation

and ionization for various SBRs was determined.

The goal of the proton bombardment is to generate a uniform damage profile that re-
duces the carrier lifetimes. Defects are generated at the expense of increasing non-saturable
absorption by proton implantation. For single-absorber SBRs, energies of 40 keV were used
for the proton bombardment (cf. VA86 in [140]). However, for a more complex double-
absorber design, optimizing the effect of the implanted protons at various points in the
SBR stack with TRIM calculations is critical. SRIM calculations confirmed that the elec-
tronic stopping dominated over nuclear interactions (S ~ 2-107!MeV/(mg/cm?) and

S, &~ 7-107*MeV/(mg/cm?) for InGaAs).
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For VA148, the first and second absorber layer end 150.7 nm and 351.1 nm deep in the
layer stack, respectively, while the Bragg mirror starts at a depth of 415.9nm. For proton
bombardment energies of 40keV and 60keV, the projected range of the protons with R,
= 297.6nm, AR, = 80nm and R, = 418.5nm, AR, = 97.6 nm, respectively, is displayed
in Figs.5-7 (a) and (d). Thus, for higher energies, the protons penetrate deeper into the
material and generate more defects in the second absorber layer for energies of 60keV. The
collision event plots shown in Figs.5-7(b) and (e) indicate two phenomena: First, the peak
of the target displacements/vacancies is shifted by about 40 nm towards the surface from
the projected range. This implies that once the protons have lost a significant amount of
their kinetic energy (towards the end of their trajectory), their interaction time with atoms
increases and the highest concentration of defects is created. Second, defects accumulate at
the interface between different layers where due to lattice mismatch, the material growth
itself has been strained. Figs.5-7(b) and (e) highlight the number of In vacancies in the
InGaAs absorber. The ionization curves Figs.5-7 (¢) and (f) describe the fairly uniform
energy loss to the target electrons throughout the absorber section, which partially gets
released as heat or phonons.

In order to obtain a more uniform damage profile, multi-energy proton bombardment
schedules were studied where the material is bombarded with protons of varying acceleration
and dosage. Such multi-energy bombardments have been shown to generate superior per-
formance characteristics in n-GaAs [141]. Thus, a bombardment schedule with energies of
25 keV and 60 keV was chosen to provide a more uniform damage profile along the saturable
absorber, as depicted in Fig.5-8. Table 5.3 provides an overview over the three selected
proton-bombardment schedules for samples VA147 and VA148. Discussions with Joe Don-
nelly from Lincoln Lab provided helpful insight into optimizing the proton-bombardment
schedules.

After proton-bombardment of quarter wafer SBRs, some samples were coated with a
pump-reflective coating. The device reflectivity was measured with a Cary spectropho-
tometer in CMSE, as shown in Fig. 5-9. The reflectivity at 1550 nm amounts to 82.2 % for
no PB and 81.0% for PB IlIb, which features the highest proton dosage of all schedules.
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Figure 5-7: TRIM modeling of proton bombardment with 40keV (R, = 297.6nm, AR, =
80nm) and 60 keV (R, = 418.5nm, AR, = 97.6 nm).

{ Schedule Name | Proton Energy l Dose [protons/CmQM

PBI 40keV 1-10
PBIla 60keV 5-1083
PBIIb 60 keV 1-104

25 keV 1-1013
EBlla 60 keV 5.1013
25 keV 5-1013
FEIlh 60 keV 1.10M4

Table 5.3: Proton bombardment schedules for the double absorber SBRs VA147 and VA148.
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Figure 5-8: TRIM modeling for proton bombardment with 25keV and 60keV for a more
uniform damage profile.

1% ——VA147 PRC PBIllb ! !
= = = \VA147 PRC no PB

80+
2 60
=
%
3 i
4

20+

1400 1500 1600 1700
Wavelength (nm)

Figure 5-9: Reflectivity for VA147 PRC without any proton bombardment and with PB
schedule ITIc. The reflectivity at 1550 nm is measured at 82.2% for no PB and 81.0% for
PB IIIb.

However, the losses introduced through the creation of new defect states only contributed
to ~1% change in reflectivity. Pump probe measurements on the proton-bombarded sam-
ples confirmed these results that the reflectivity barely changed [140]. This indicates that
the proton bombardment design was optimized well such that the ion implantation did not
significantly increase the linear absorption losses.

Pump probe measurements, conducted by Ali Motamedi, on VA147 and VA148 implied
that recovery times were reduced from ~11ps to ~ 6.5 ps for PBIIIc. Table 5.4 gives an
overview of the SBR parameters, for more details, the reader is referred to [140]. Table 5.5

summarizes the pump probe measurement results for four different SBRs.
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t SBR | PB ” Modulation Depth 1 Saturation Fluence | Non-saturable Losses |
| VA147 [ no PB | 7.5% | 47pl/em® ] 8% |
PBO 3.9% 5.4 uJ /cm? 6.2%
PBI 5.0% 6.1 uJ/cm? 5.2%
PBIla 4.0% 5.8 uJ /cm? 6.0%
VAL48 PBIIb 3.9% 6.4 uJ /cm? 6.2%
PBIIla 3.7% 6.5 uJ /cm? 6.4%
PBIIIb 9.0% 4.4 pJ /em? 8.0%
Table 5.4: Pump-probe measurement results for SBR VA147 and proton-bombarded SBR
VA148 [140].
Sample Modulation Depth | Sat. Fluence | Non-saturable Loss | Recovery Time
AR [7%] Fsqr [pJ/cm?] (%] 7_[ps]
VAS6 3.9 11 1.1 9.0
VA86 PRC 12 3.7 1.1 9.0
VA147 7.5 4.7 8 10.5
VA148 4.0 5.4 6.2 10.5

Table 5.5: Summary of characterized SBRs [140].

5.2.3 Optical Performance

In the following, the optical performance of different proton-bombarded SBRs VA148 and

selected SBRs were tested in developed fiber laser systems.

Various samples of the proton-bombarded SBR VA 148 were incorporated into a 625 MHz

fiber laser with an external free-space section (see Chapter 2.4.4). Fig.5-10 and Table 5.6

summarize the optical performance parameters for different levels of proton-bombardment

for SBR VA148 at comparable pump power levels. Small shifts in the center wavelength

were observed and the 3-dB bandwidth increased slightly for the proton-bombarded samples.

VA148 PRC | Pump CurrentmA] | Ppy: [mW] | AX [nm] | Acenter [nm]
no PB 711 5.6 5.8 1560.9
PBI 901 7.1 7.9 1558.9
PBIIIb 704 5.1 6.7 1561.3

Table 5.6: Optical performance parameters for proton-bombarded VA148 in an external

625 MHz EDFL.
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Figure 5-10: 625 MHz EDFL with free-space focusing on SBR with varying proton bom-
bardment levels.

The optical performance of SBR VA86 PRC and VA148 PRC was compared in the 1 GHz
EDFL (for EDFL set-up see Chapter 2). FWHM spectral bandwidths of 14nm centered
at 1569 nm with the VA8 PRC and 11 nm centered at 1567 nm for the VA148 PRC were
obtained for comparable pump power levels, as shown in Fig.5-11. The EDFL output
power with SBR VA86 PRC was measured at 9.8 mW as compared to 11 mW for VA148
PRC. As the intracavity losses, which depend on the fiber birefringence and butt-coupling,
might have slightly varied in both cases, the performance comparison did not lead to any
preference of one absorber over the other. In particular, in the 1 GHz EDFL configuration,

both absorbers were used interchangeably to achieve similar output characteristics.

5.3 Conclusion and Future Work

Optimizing SBR performance is crucial to obtain good optical performance for mode-locked
laser configurations. Thus, a double-absorber SBR was presented and different modifications
with a dielectric top-coating as well as reductions of lifetimes were analvzed. Extensive
characterization and testing of these designed SBRs resulted in the demonstration of several

high repetition rate GHz fiber lasers.
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Figure 5-11: Mode-locking of 1 GHz EDFL with VAS6PRC and VA148PRC.

Preliminary studies of unique oxidized saturable absorbers [129] in laser cavities, which
combined the broadband reflectivity of a 7-pair oxidized mirror stack with an absorber,
implied good optical performance. The reduced thickness of these absorbers can yield a
smaller thermal load than the conventional 22-pair mirror stack. Therefore, recent achieve-
ments of large-scale oxidization in inverted mesa structures, where the whole surface has
been oxidized (except for center spots of ~ 12 um diameter, spaced apart by 150 um, see
[129]) constitute a promising path forward for new SBR designs. Furthermore, designs with
an anti-resonant placement of the absorber laver could help mitigate thermal damage issues
by increasing the saturation fluence. Another interesting aspect to be explored is combining

dispersion compensation with saturable absorber properties.
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Appendix A

Theory for Beam Divergence

Simulations

In this thesis, the electric field profiles for multi-layered mirror structures in SBRs or thin-
film output couplers were calculated. Therefore, the theoretical frameWork to determine
the reflectivity and dispersion of any layered mirror stack is presented in the following. By
combining a transformation matrix approach with Hankel transforms, one can evaluate the

beam divergence effects in thin-film coatings. In the following, matrices and vectors are

denoted in bold.

A.1 Thin-Film Coating Reflectivity

In a layered medium, multiple reflections occur at each layer interface, resulting in multiple
forward and backward propagating electric field contributions. By introducing a propaga-
tion matrix approach, Kong [142] summarized the contribution of all forward and backward
propagating waves for each medium and related them via boundary conditions to the elec-
tric field in the adjoining layer. This mathematical formalism can be used to determine the
wave amplitudes in any region of the mirror stack with respect to the field in the neighboring

layer.
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If A and B denote the forward-propagating and backward-propagating electric fields,
each field in layer [ 4+ 1 can be expressed in terms of the electric field in the previous layer !

(compare [142]).

. 1+ . .
Ay - € R di _@ : [Alea kedi Ry - Bred b dl] (A1)
. 1+ . ‘
R —w : [R(l+1),l C Al bl B eI R d’] (A.2)
2
Here, k; = 7;7% - cos(#) describes the wave-vector for a given angle of incidence 6 at a

wavelength A and d; represents the thickness of layer [. The refractive index n; of the (-th
layer n; = /€ is defined by material constants, the relative permittivity ¢; and relative
permeability y; for the respective layer. The Fresnel reflection R(141), coeflicient can be

determined as:

I = pasiy
R = v R A3
U Y L(+1) (A.3)
with
pi1 -k 1
PU+1)0, = e for TE waves A4
P PL(+1),TE (A-4)
-k
PUsDATM = .ei—.ikl for TM waves. (A.5)
€+1 - Ry

Eq. A.1 and Eq. A.2 can be rewritten so that the following forward matrix equation governs

the relationship between the consecutive electric fields:

Az+1] [Al]
-V . A6
[Bl+1 (1+1),1 Bl ( )
v _ 1+ pus). . e=J (ki1 —ki) dy Rty - e—J (ki1 +ki) dy

(I+1),1 2 Rusnyy - € (kipy + ki) dy e (ki —ki) di

(A7)

As this matrix approach allows calculating the electric field based on the previous layer,
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the electric field after propagation through the whole mirror stack, consisting of m layers,
can be obtained by multiplying the respective matrices of all layers. At the same time, the
equations can be rewritten to directly express the transmission T and reflectivity R for the

whole mirror stack (B, = 0):

T 1 1
[0] = Vi m-1) - Vim-1).m-2) -+ V21 - Vio- [R] = Vot [R] (48)
with
Am _ BO
T = E &nd R = A_O

Thus, the complex reflectivity R for the layer structure was derived in terms of the
layer specific material constants and propagation wave vectors. In this notation, Vg
denotes the resulting 2-by-2 matrix with individual single matrix elements Viosqi(k, 1) for

1< k1 <2

. Vtotat(2» 1)

R =
‘/total (27 2)

= Rmirror ¢ $mirror (AQ)

A.2 Thin-Film Coating Reflectivity Incorporating Beam Di-

vergence

The derivations presented so far were based on plane wave propagation in the layer stack. In
order to evaluate beam dispersion effects, the spatial distribution of the light in each layer
has to be incorporated into the calculations. Hankel transforms for radially symmetric beam
profiles are therefore combined with the propagation matrix calculation approach presented

earlier.

The p-th order Hankel Transform (HT) and the inverse Hankel Transform (ITH) for
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cylindrical coordinates are defined in integral form as

F(v)=2r /000 f(r) - Jp(2mvr) rdr (HT) (A.10)

f(r)=2m /Ooo F(v) - J,(2nrv) v dv (IHT). (A.11)

Here, r denotes the spatial coordinate and v the corresponding spatial frequency. Fur-
ther, p describes the angular dependence of the wavefront eP? and determines the order of
the Bessel function J,. For simplicity, the optical systems being considered are assumed to
have a uniform phase profile along the azimuthal axis, equivalent to p=0. In order to ob-
tain a valid discretization of the Hankel Transform, the values of f(r) have to be finite and
have to extend to zero for large r. For each beam profile, the condition of f(r > R) = 0
for a spatial distribution with a maximum beam radius of R is met. R serves also as the
truncated radius of the spatial variable r and sets the maximum window size, such that the
input beam is divided into N slices along its radius vector r. For this model, a quasi-discrete

Hankel Transform [143, 144] is adapted for the numerical calculation.

The discretization of the spatial grid for discrete case is scaled with respect to the i-th
root «; of the Bessel function J, to replace the infinite integral by a finite sum. As the
space-bandwidth product S governs the limit V' of the spatial frequency S = 27 RV =
ap N+1, this yields the following spatial and spatial frequency discretization for the i-th

layer (assuming p=0):

(27

ri = R - forl1 < i< N (A.12)
QAN+1

v = v .Y for1 <i < N. (A.13)
AN+1

The discretized HT and IHT can then be expressed, as shown in the following two
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equations.
N
Fy(m) = Tynn Fi(n), forl <m < N (A.14)
n=1
N
Fi(n) =Y Tom Fa(m) forl1 <n < N. (A.15)
m=1

For p=0, the transformation matrix T is defined by the individual matrix elements Ty, n:

2 Jo (an am/aN-}—l)
|J1(an)] |1 (am)| ant

Ton = forl < n,m < N. (A.16)

In order to transfer this methodology to the thin-film simulation, a Gaussian beam
profile is assumed for an input beam vector Ay with components Ag; = e(=ri/98) that
is evaluated at radial points, as discretized in Eq. A.12. The column vector u contains
elements of u;, as defined in Eq. A.17. The vector u scales each beam amplitude element

with the Bessel function at the corresponding root.

s :‘@ for1<i <N (A.17)
Ao

B, = 2% (A.18)
Us

The discretized Hankel transform is applied by multiplying the transformation matrix
T with the scaled input beam vector B, according to Ay =T - B. Here, Ay is a vector
where the subscript k denotes that the vector is represented in the frequency domain.

By evaluating the thin-film reflectivity in each beam slice for the respective spatial
frequency /k-vector v; and by recording the individual contributions in the matrix R,
the impact of the beam divergence can be derived by multiplication in the spatial fre-
quency domain: Byyk =Rmat - Ag. Introducing the vector Agusx = Bout k / u, where el-
ement by element division is applied, Aout ki = Bout ki / u;, the inverse Hankel transform
Aoyt =T Ay leads to the desired beam profile result, which accounts for propagation

through the thin-film coating and beam divergence effects.
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